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Preface 



It is now over one hundred years since von Behring and Kitsato first 
concluded experiments that led to the use of passive immunisation, 
employing antibodies raised in animals against tetanus and diphtheria toxins. 
The advancement of technology both in manufacturing purity product in a 
cost effective way and the clinical research has proved that antibodies are 
one of the most successful products in biotechnology. 

Monoclonal antibodies account for between one-third and one-half of all 
pharmaceutical products in development and human clinical trials. Both the 
nature of monoclonal antibody therapies and the relatively large size of the 
monoclonal antibody dictate the production requirements, for many of these 
therapeutics the monoclonal antibody product will be 100 kilogrammes or 
more per year. It is widely acknowledged that there is currently a worldwide 
shortage of biomanufacturing capacity, and the active pharmaceutical 
ingredient material requirements for these products are expected to increase. 
Thus the industry is looking for new sources and extensive studies are being 
carried out not only for alternative technology to meet the needs but also to 
reveal the new therapeutic applications of antibodies. 

This book brings to the forefront current advances in novel technologies 
for the manufacturing of monoclonal antibodies and also their extensive 
clinical importance. The first four chapters give an overview of the new 
technologies and the successful application in the manufacture of 
monoclonal antibodies with clinical purity. The next chapters address the 
application of antibodies in cancer therapy and functional genomic therapy. 
The last chapter projects the importance of antibodies and the prospects of 
antibody engineering and therapy for the future. 
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Preface 



It is my hope that this book will bring together accumulated knowledge 
in a way which will promote the advancement of the antibody field, which 
will continue to grow and develop new antibodies that are useful to society 
at large. 

I gratefully acknowledge the authors for their time and motivation in 
preparing their contributions, without which this book would not have been 
possible. I should be most grateful for any suggestions, which could serve to 
improve future editions of tins book 

Finally I would like to thank Jo Lawrence of Kluwer Academic/Plenum 
for her keen interest and help throughout the completion of this book. 



G. Subramanian 




Contributors 



Jean-Pierre Abastado 

Inununo Designed Molecule (IDM) 

172 rue de Charonne 

7501 1 Paris Cedex 1 1 

France 

Adrian Auf Der Maur 

ESBATech AG 
Wagistrasse 21 
8952 Zurich-Schlieren 
Switzerland 

Fabrice Auzelle 

Immuno Designed Molecule (IDM) 
172 rue de Charonne 
7501 1 Paris Cedex 1 1 
France 

David Azira 

Department of Radiation Oncology 
CRLC Val d’Aurelle-Paul Lamarque 
F-34298 Montpellier Cedex 5 
France 

Alcide Barberis 
ESBATech AG 
Wagistrasse 21 
8952 Zurich-Schlieren 
Switzerland 




Contributors 



viii 

Jacques Bartfaoleyns 

Immuno Designed Molecule (IDM) 

172 rue de Charonne 
7501 1 Paris Cedex 1 1 
France 

Emmanuelle Bonnin 

INSERM U255 

Centre de Recherches Biomedicales des Cordeliers 
15, rue de l’Ecole de Medicine 
75270 Paris Cedex 06 
France 

Egisto Boschetti 
Ciphergen Biosystems-Biosepra 
48, Avenue des Genottes 
F-95800, Cergy 
France 

Aurelie Boyer 

Immuno Designed Molecule (IDM) 

1 72 rue de Charonne 
7501 1 Paris Cedex 1 1 
France 

Manuela Campiglio 

Molecular Targeting Unit 

Department of Experimental Oncology 

Isituto Nazionale Tumori 

Milan 

Italy 

Gabrielle Caravelho 
INSERM U542 
Paris-Sud University 
101 rue de Tolbiac 
7654 Paris Cedex 13 
France 

Alain Chapel 

Institute of Radioprotection and Nuclear Safety 

IRSN/DAHD/SARAM 

Fontenay-aux-Roses 

France 




Contributors 



Olivier Deas 
INSERM U542 
Paris-Sud University 
101 rue de Tolbiac 
75654 Paris Cedex 13 
France 

X. K. Deng 

Meridian Bioscience 
3471 River Hills Drive 
Cincinnati 
OH 45244 
USA 

Dimiter S. Dimitrov 

Laboratory of Experimental and Computational Biology 

Center for Cancer Research 

NCI-Frederick, NIH 

Bldg 469, Room 246 

P.O. Box B, Miller Drive 

Frederick 

MD 21702-1201 

USA 

Jean-Bemard Dubois 

Department of Radiation Oncology 
CRLC Val d’Aurelle-Paul Lamarque 
F-34298 Montpellier Cedex 5 
France 

Antoine Diirrbach 
INSERM U542 
Paris-Sud University 
Rue de Tolbiac 
75654 Paris Cedex 13 
France 

Christian Frisch 
MorphoSys AG 
Lena-Christ-Strasse 48 
D-82152 Martinsried/Planegg 
Germany 




X 



Contributors 



Francois Hirsch 
INSERMU542 
Paris-Sud University 
101 rue de Tolbiac 
75654 Paris Cedex 13 
France 

Sylvie Jacod 

Immuno Designed Molecule (IDM) 

1 72 rue de Charonne 
7501 1 Paris Cedex 1 1 
France 

Christel Larbouret 

Immunociblago des Tumeurs et Ingenierie des Anticorps 
EMI-0227 INSERM, University Montpellier 1 
CRLC Val d’Aurelle-Paul Lamarque 
F-34298 Montpellier Cedex 5 
France 

Peter Lichtlen 

ESBATech AG 
Wagistrasse 21 
8952 Zurich-Schlieren 
Switzerland 

Delphine Loirat 

Immuno Designed Molecule (IDM) 

172 rue de Charonne 
7501 1 Paris Cedex 1 1 
France 

Andrfes McAllister 

Immuno Designed Molecule (IDM) 

172 rue de Charonne 
7501 1 Paris Cedex 1 1 
France 

Sylvie Menard 

Molecular Targeting Unit 

Department of Experimental Oncology 

Isituto Nazionale Tumori 

Milan 

Italy 




Contributors 



K. John Morrow Jr. 

Meridian Bioscience 
3471 River Hills Drive 
Cincinnati 
OH 45244 
USA 

Maxime Moulard 

BioCytex 

140 Chemin de l’Armee d’Afrique 

13010 Marseille 

France 

Ralf Ostendorp 

MorphoSys AG 
Lena-Christ-Strasse 48 
D-82152 Martinsried/Planegg 
Germany 

Mahmut Ozashin 

Department of Radiation Oncology 
Centre Hospitalier Universitaire Vaudois 
CH 1011 Lausanne 
Switzerland 

Andrl Pelegrin 

Immunociblago des Tumeurs et Ingenierie des Anticorps 
EMI-0227 INSERM, University Montpellier 1 
CRLC Val d’Aurelle-Paul Lamarque 
F-34298 Montpellier Cedex 5 
France 

Serenella M. Pupa 

Molecular Targeting Unit 

Department of Experimental Oncology 

Isituto Nazionale Tumori 

Milan 

Italy 

Didier Prigent 

Immuno Designed Molecule (IDM) 

172 rue de Charonne 
7501 1 Paris Cedex 1 1 
France 




Contributors 



xii 

T. Shantha Raju 

CarboWorld 
1010 Hadden Drive 
San Mateo 
CA 94402 
USA 

Bruno Robert 

Immunociblago des Tumeurs et Ingenierie des Anticorps 
EMI-0227 INSERM, Universite Montpellier 1 
CRLC Val d’Aurelle-Paul Lamarque 
F-34298 Montpellier Cedex 5 
France 

Steve Sensoli 
Biotechnology Consultant 
9000 Joy Road 
Plymouth 
MI 481780 
USA 

Sophie Siberil 

INSERM U255 

Centre de Recherches Biomedicales des Cordeliers 
15, rue de l’Ecole de Medicine 
75270 Paris Cedex 06 
France 

Elda Tagliabue 

Molecular Targeting Unit 

Department of Experimental Oncology 

Isituto Nazionale Tumori 

Milan 

Italy 

Jean-Luc Teillaud 

INSERM U255 

Centre de Recherches Biomedicales des Cordeliers 
15, rue de l’Ecole de Medicine 
75270 Paris Cedex 06 
France 

Kathrin Tissot 

ESBATech AG 




Contributors 



Wagistrasse 21 

8952 Ziirich-Schlieren 

Switzerland 

Dominique Thierry 

Institute of Radioprotection and Nuclear Safety 

IRSN/DAHD/SARAM 

Fontenay-aux-Roses 

France 

Margit Urban 

MorphoSys AG 
Lena-Christ-Strasse 48 
D-82152 Martinsried/Planegg 
Germany 

Mei-Yun Zhang 
BRP, SAIC-Frederick Inc. 

Bldg 469, Room 131 
P.O. Box B, Miller Drive 
Frederick 
MD 21702-1202 
USA 




Contents 



1 . Transgenic technology for monoclonal antibody production 1 

Steve Sensoli 

2. Generation, engineering and production of human antibodies 

using HuCAL 13 

Ralf Ostendorp, Christian Frisch and Margit Urban 

3. Achieving appropriate glycosylation during the scaleup of 

antibody production 53 

X.K. Deng, T. Shantha Raju and K. John Morrow, Jr. 

4. Approaches to devise antibody purification processes 

by chromatography 79 

Egisto Boschetti 

5. Novel HIV neutralizing antibodies selected from phage 105 

display libraries 



Maxime Moulard, Mei-Yun Zhang and Dimiter S. Dimitrov 

6. Monoclonal and bispecific antibodies in combination 

with radiotherapy for cancer treatment 1 1 9 

David Azria, Christel Larbouret, Bruno Robert, Mahmut 
Ozsahin, Jean Bernard Dubois and Andre Pelegrin 



xv 




XVI 



Contents 



7. Antibodies, a potent tool to target genes into designated cells 

and tissues 141 

Francois Hirsch, Olivier Deas, Gabrielle Carvalho , 

Antoine Durrbach, Dominique Thierry and Alain Chapel 

8. Intrabodies: development and application in functional 157 

genomics and therapy 

Alcide Barberis, Adrian Auf Der Maur, Kathrin Tissot 
and Peter Lichtlen 

9. Expression of recombinant antibodies by tumour cells: 

on road to anti-tumour therapy 1 69 

Emmanuelle Bonnin and Jean-Luc Teillaud 

10. Antitumor antibodies: from research to clinic 1 83 

Sylvie Menard , Serenella M. Pupa, Manuela Campiglio 
and Elda Tagliabue 

1 1 . Macrophages for immunotherapy 1 89 

Delphine Loirat, Sylvie Jacod, Aurelie Boyer, 

Fabrice Auzelle, Andres McAllister, Jean-Pierre Abastado, 

Jacques Bartholeyns and Didier Prigent 

1 2. Future prospects in antibody engineering and therapy 1 99 

Sophie Siberil and Jean-Luc Teillaud 

Index 217 




Chapter 1 



TRANSGENIC TECHNOLOGY FOR 
MONOCLONAL ANTIBODY PRODUCTION 

An overview of transgenic animal and plant systems 



Steve Sensoli 

Biotechnology consultant from Ann Arbor, MI, USA, formerly with GeneWorks, Inc. 



1. INTRODUCTION 

Monoclonal antibodies account for between one-third and one-half of all 
pharmaceutical products in development and in human clinical trials. Both 
the nature of monoclonal antibody therapies, and the relatively large size of 
the monoclonal antibody molecules dictate that the production requirements 
for many of these therapeutic monoclonal antibody products will be 100 
kilograms or more per year. It is widely acknowledged that there is 
currently a worldwide shortage of biomanufacturing capacity, and that the 
gap between biomanufacturing capacity and the active pharmaceutical 
ingredient material requirements for these products is expected to increase. 

Transgenics is one possible way to alleviate this biomanufacturing 
capacity shortfall with relatively inexpensive, large-scale production of 
recombinant proteins. Transgenic avians, mammals and plants have all 
proven capable of producing monoclonal antibodies and other recombinant 
proteins. 

An overview of these three groups of transgenic systems is presented to 
assist in the understanding, evaluation and comparison of the various 
transgenic methods available. 
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2. THE GROWING NEED FOR LARGE-SCALE 
BIOMANUFACTURING SYSTEMS 

Between 1982 and 2002 there were 235 therapeutic biopharmaceutical 
medicines and vaccines (including approvals for new indications) approved 
for use in humans, more than half of those were approved in the last five 
years alone. The growing demand for these products and the development of 
additional recombinant protein-based therapeutics has created a well- 
documented shortfall in the worldwide biomanufacturing capacity. Products 
must now compete for bioreactor space, with some approved products being 
manufactured in short supply. To complicate matters further, hundreds of 
additional products that will require biomanufacturing are currently in 
development. Approximately one-third to one-half of those products in 
development are monoclonal antibodies (MAbs). 

MAbs require a great deal of manufacturing capacity. The majority of 
small-molecule pharmaceutical products are used in relatively small doses - 
typically in the milligram to hundred milligram range. MAbs, on the other 
hand, require much larger doses - up to several grams of Active 
Pharmaceutical Ingredient (API) per patient. There are several reasons for 
this disparity. First, therapeutic MAbs are used to block cell receptor sites 
and the active sites of other proteins in the body. In order to act quickly and 
effectively, a large excess of the MAb molecules are required to seek out and 
block all of the targeted sites. Second, MAbs are significantly larger 
molecules than the majority of small molecule APIs. Additionally, the 
nature of many of the conditions and diseases to be treated by MAbs will 
likely require a regimen of doses. 

The shortage of biomanufacturing capacity has been the cause for at 
least one notable (and highly profitable) biopharmaceutical product that 
could not be manufactured in great enough quantity to meet the market 
demand. There are estimates of several hundred million dollars in lost 
revenues for this one product alone. Worse than lost revenues, however, is 
the great deal of bad will garnered by any company whose product is 
backordered. In such cases, it is not uncommon to use an unbiased (yet 
trivial) lottery method to determine which patients will receive the critical 
and/or potential lifesaving product. 

One might expect that many other biopharmaceutical products were also 
manufactured in short supply and that many other promising products were 
not even introduced since they could not be manufactured in production- 
scale quantities. 

One reason for the shortage of biomanufacturing capacity is that 
production-scale bioreactors take 3-5 years to construct, qualify, produce 
validation lots and adequately train the equipment operators. Additionally, 




Transgenic technology for monoclonal antibody production 



3 



these bioreactors are expensive, often costing $75-$ 100 million or more for 
the production capabilities portion alone, and not including the downstream 
processing areas that typically accompany the bioreactors. The decision to 
make such a substantial capital commitment is a tough enough, but the 
decision to construct the facility must often be made years in advance of 
knowing whether the product that the facility is designed to produce will 
actually be approved by the regulatory agencies. 

If there is not enough biomanufacturing capacity for the therapeutic 
products that already have regulatory approval, how will we produce enough 
API to fulfil the requirements for all of the new MAb and other recombinant 
protein-based products being developed? Some people believe that 
transgenics will provide a safe and inexpensive biomanufacturing platform 
with nearly limitless capacity constraints. 



3. TRANSGENIC SYSTEMS 

The word transgenics is a combination of trans (to transfer or change) 
and genics (relating to a gene or genome). It is the name for both a general 
field of science and for an industry. Transgenic technology involves the 
transfer of a gene or DNA sequence from one organism into the cells or 
genome of a genetically different type of organism. This transfer is usually 
accomplished by standard genetic engineering techniques, however cruder 
methods (e.g. gene guns) have been successfully employed in some 
transgenic systems. 

This description of transgenics can pertain to a wide range of organisms 
developed for a variety of purposes, including basic research and improving 
the agronomic traits of plants (and animals) that are intended to enter the 
human food supply. Indeed, the process of transgenseis is accomplished in 
laboratories throughout the world. However, for the remainder of this 
chapter the word transgenics refers solely to transgenic animals and plants 
used in the production of recombinant biopharmaceutical MAbs and other 
therapeutic proteins. 

As was mentioned above, the dosing regimen and molecular size of 
therapeutic Mabs is relatively large. Therefore, any biomanufacturing 
system used to produce them should have the capability of scaling up to a 
production level of 1 00kg or more per year. 

For each of the transgenic systems discussed in this chapter, the capital 
costs and unit production costs are expected to be considerably less than 
those for the traditional bioreactor systems. To date, no therapeutic product 
derived from a transgenic animal or plant source has been approved by the 
appropriate regulatory agencies for use in humans. Therefore, no final costs 
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for transgenics have been published. However, informal discussions with 
many of these companies indicate their transgenics facilities are projected to 
cost less than 10% of the cost of a bioreactor facility having comparable 
production capacity, and will require less than one year to construct. 
Likewise, the per-gram production costs of MAbs and other therapeutic 
proteins are also projected to be less than 10% of the cost of production in a 
bioreactor. 

Within the realm of transgenics there are many species employed. Each 
of these species/systems is attractive because their harvest is bountiful and 
easily accomplished. The marketplace has organised these systems into 
three basic categories. They are, in alphabetical order: 

1 . Avians (primarily chickens) that produce the recombinant proteins 
in their egg white. 

2. Mammals that produce the recombinant proteins in their milk or 
blood. 

3. Plants that produce the recombinant proteins in the seeds, the fruit, 
the leaves, and elsewhere in the plant. 

There are several methods of transgenesis used for each transgenic 
species, and many companies racing to be the industry leader for each of that 
system. The technological methodology employed by each of those 
companies is a function of their technological knowledge base, the species of 
animal used and the company’s intellectual property position. The issues of 
technical expertise and intellectual property rights are even more acute in the 
case of MAb production since two genes (one coding for the heavy chain 
and one coding for the light chain) must not only be successfully transferred 
to the recipient organism, but they must also be expressed in close proximity 
to each other so that the chains “find” each other and become linked. 

A brief description of each of the avain, mammalian and plant transgenic 
systems follows. 

3.1 Avians 

Chickens are the primaiy species used for production of recombinant 
proteins in the eggs of transgenic avians. Two commonly asked questions 
are “Why not use turkeys which have larger eggs than chickens, or ostriches 
which have even larger eggs?” and “Why not use quail which have a shorter 
generation time than chickens [so as to shorten the timelines for developing 
the flock’s founding rooster and scale-up of the production flock]?”. The 
answer to both of these questions is: over the past century, chicken egg 
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production has been optimized by the food egg industry. The egg size, 
animal breeding programs and the equipment for housing the birds and 
collecting / processing the eggs have all been optimized for both high 
production volume and low production cost. This fact alone makes all other 
avian species far less efficient. 

The Single Comb White Leghorn hen, the primary breed used for egg 
production in the United States, lays 250 eggs or more per year (Stadelman, 
1995) each egg averages 60 grams in total mass (Li-Chan et al, 1995), about 
3.6 grams of which are egg white proteins (Li-Chan et al, 1995, Sugino et al, 
1997), for a total production of 900 grams of protein per bird, per year. If 
one can harness just a small percentage of this production capability for 
production of recombinant proteins, in can be envisioned that a 10,000 bird 
facility (which is quite small by egg-laying industry standards) could 
produce 100 kilograms of recombinant MAb per year. 

There are several methods for generating transgenic avians, and each of 
the avian companies listed in this section uses one or more of the following 
technologies to make their transgenic animals. 

1) Retroviruses. A retrovirus carrying the transgenes coding for the 
desired MAb can be used to infect the developing embryo with the goal of 
integrating the transgenes into the genome of the embryo’s germ cells. This 
embryo then hatches as a chimeric, or partially transgenic G 0 bird. Not all of 
the germ cells are typically infected in this process, so only some the cells 
that go on to become the rooster’s testes will have had the opportunity to 
integrate the transgenes. This means that usually only some of the sperm- 
producing cells in a chimeric rooster will produce sperm containing the 
transgenes and, therefore, the rooster’s semen will be a mix of transgenic 
and non-transgenic sperm cells. Chicks resulting from insemination by the 
transgenic sperm will be fully transgenic hens and roosters (Gi). One more 
generation of animals is then sired by one of the Gi “founder” roosters so 
that all of the offspring (G 2 G 3 G 4 ...) will carry the transgene. From G 2 on, 
the hens should lay eggs containing the recombinant protein coded for by the 
transgene, and the roosters can be used to propagate the flock. 

2) Stem cell / primordial germ cell. This is the direct manipulation of 
embryonic stem cells (ESC) and/or primordial germ cells (PGCs). This 
method directly addresses the goal of retroviral infection of the embryo 
described in the above paragraph. Rather than infecting the entire embryo 
with the hope that the retrovirus carrying the transgene will find at least 
some of the PGCs and transfer the transgenes, direct manipulation of the 
PGCs should result in a greater rate of transgenesis. As with the retroviral 
method, transgenesis of all of the PGCs cannot be guaranteed because of the 
difficulty in locating the relatively few PGCs in an embryo of perhaps 
50,000 cells. So the first generation of these chicks are also chimeric birds. 
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3) Sperm-Mediated Transgenesis (SMT). In SMT, a transgene is 
tranfected, infected, linked to, or otherwise transferred to the rooster sperm. 
The sperm with the transgene is then used to inseminate egg-laying hens. 
The offspring resulting from the sperm / transgene combination will be 
transgenic. One advantage of this method is that, since all of the cells in the 
first generation birds descended from a single transgenic cell, the first 
generation animals produced are fully transgenic Gi birds. Compared to the 
retroviral and stem cell methods, one generation (six months for avians) is 
saved in the development time. 

4) Pronuclear injection. In pronuclear injection, the transgene is linked to 
a promoter and any other required genetic sequences to form the expression 
cassette. This expression cassette is then injected into newly fertilized 
oocytes near the pronucleus and the oocytes are then inserted into surrogate 
hens. This method has not been well described in the literature, but may 
have a great degree of technical difficulty since there are multiple pronuclei 
on the yolk of each hen’s egg. As with the SMT method, all of the cells in 
the first generation birds have descended from a single transgenic cell, so the 
first generation animals produced are fully transgenic Gi birds. 

Each of these methods of transgenesis have advantages and 
disadvantages relative to the others, and all of them are still being improved. 
The key development parameters that are evaluated include the degree of 
technical difficulty, the hatch rate, the rate of transgenesis and the size 
limitations for the transgene(s). 



Table 1.1. List of Prominent Avian Transgenics Compa nies 
Company name (location) 

Avigenics (Athens, GA) 

BioAgri (City of Industry, CA) 

Cima Biotechnology/ACT (Worcester, MA) 

Gene Works (Ann Arbor, MI) 

Origen Therapeutics (Burlingame, CA) 

TransXenoGen (Shrewsbury, MA) 

Viragen (Plantation, FL) 

Vivalis (Nantes, France) 

As of December 31, 2002 



3.2 Mammals 

The mammals most commonly used for production of recombinant 
antibodies and other proteins are cows, goats, sheep and rabbits. These 
animals can be engineered to produce recombinant MAbs in their milk. As 
with egg production in chickens, milk production has also been market 
optimized for production quantity and price - especially in cows and goats. 
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In deciding which mammal would be the best to use for production of a 
given recombinant protein, one must consider several factors including the 
quantity and timing of product needed, the eventual scale of product 
required, development and production costs, type of animal housing facilities 
available, and the development timeline. 

Their primary methods of mammalian animal transgenesis include 
nuclear transfer and pronuclear injection. 

1) Nuclear transfer. This process generally involves the fusing of a donor 
cell or its nucleous which has been engineered to contain the transgene, with 
an enucleated oocyte. First the donor cell is treated so as to have the 
transgene, a promoter sequence and other required genetic sequences 
incorporated. Then, an oocyte is isolated and enucleated. Finally, the donor 
cell and the enucleated oocyte are fused (by electroporation or by chemical 
means), and cultured for a short time. The newly engineered oocyte is then 
implanted into the womb of a surrogate mother. 

2) Pronuclear injection. For pronuclear injection, the transgene is linked 
to a promoter and any other required genetic sequences to form the 
expression cassette. This expression cassette is then injected into newly 
fertilized oocytes near the pronucleus. As with nuclear transfer, the newly 
engineered oocyte is then implanted into the womb of a surrogate mother. 

Both methods of mammalian transgesis produce some offspring that are 
fully transgenic since all of its cells will have descended from the engineered 
oocyte. The transgenic females produce the recombinant protein and the 
transgenic males are mated to expand the herd. 

One of the companies listed below performs nuclear transfer of a Human 
Artificial Chromosome to engineer transgenic cattle embryos that are 
implanted into surrogate mothers. Some of the resulting offspring will 
produce human polyclonal antibodies in response to the introduction of an 
antigenic substance. While this process does not yield monoclonal 
antibodies, it is notable within the realm of mammalian transgenics. 

Table 1.2. List of Prominent Mammalian Transgenics C ompanies 
Company name (location) 

BioProtein (Paris, France) 

Gala Design (Sauk City, WI) 

GTC Biotherapeutics (Framingham, MA) 

Hematech (Sioux Falls, SD) 

Nexia Biotechnologies (Montreal, Canada) 

PPL Therapeutics (Edinburgh, UK) 

As of December 3 1 , 2002 
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3.3 Plants 

Certainly the most diverse category of transgenic systems for the 
production of recombinant monoclonal antibodies is the plants. Many plants 
are being used for this purpose, however the most common plants are alfalfa, 
com, Lemna, potato, rice, safflower, and tobacco. The recombinant protein 
may be produced in the leaves, stems, roots, seeds and even in the seed oil. 

As with the transgenic avian and mammal systems, many of the 
techniques and equipment used for planting, cultivation, harvesting and 
storage of the transgenic crops are the same as those that have been used and 
optimized for food production. Therefore, most of the equipment required is 
readily available and inexpensive. These favourable economics may not, 
however, extend to the processes required for extraction and purification of 
the recombinant protein from transgenic plants. 

There are basically two schemes used to generate a crop of transgenic 
plants. The first is to transform individual plant cells and allow them to 
grow up to full sized founder plants, expanding the crop both at the 
individual plant cell culture stage, and with standard growing and seed 
production methods similar to those employed in food agriculture. The 
second method is to transform growing and fully-grown plants. 

Transforming individual plant cells can be accomplished with plant viral 
vectors or with a “gene gun”. 

The plant viral vector method is similar to the viral methods used for 
transforming avian and mammalian cells and embryos. The process starts by 
linking the gene coding for the desired protein to a promoter and any other 
required genetic sequences (including an antibiotic-resistance gene for 
selection) to produce an expression cassette. This cassette is then delivered 
into plant cells using plant viruses. The plant cells are selected by 
antibiotics, expanded in culture, then allowed to grow to full size. 

In the gene gun process, the transgene cassette is coated onto micro 
particles such as gold or tungsten. These coated particles are then “fired” at 
plant cells with blasts of compressed air. The particles penetrate the plant 
cells, releasing some of the expression cassettes which then diffuse into the 
nucleus and integrate into the cells’ genome. The plant cells are selected by 
antibiotics, expanded in culture, then allowed to grow to full size. 

Portions of adult plants can also be transformed using viral vectors and 
gene guns. A solution of the viral vectors carrying the expression cassette is 
sprayed or rubbed onto the plants where it can be taken up by the plant cells. 
The expression cassette can also be introduced into the cells of adult plants 
using a gene gun. The cells that take up the virus by either method described 
will progress as above, except that the transformed plants are not usually 
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selected for antibiotic resistance. Some of the plant’s cells will express the 
gene. 

Since the plants involved are such a diverse group, the expression levels 
in plants are best compared in units of kilograms of recombinant protein per 
acre of transgenic crop. In public presentations, several of the companies 
listed in Table 1.3 have reported between one and ten kilograms of 
recombinant protein per acre. 



Table 1.3. List of Prominent Plant Transgenics Companies 



Company name (location) 


Primary plants used 


AltaGen Bioscience (Morgan Hill, CA) 


Potato 


Biolex (Pittsboro, NC) 


Lemna 


Croptech (Blacksburg, VA) 


Tobacco 


Epicyte Pharmaceutical (San Diego, CA) 


Com, rice 


Large Scale Biology (Vacaville, CA) 


Tobacco 


Medicago (Quebec City, Canada) 


Alfalfa 


Meristem Therapeutics (Clermont-Ferrand, France) 


Com, tobacco 


Monsanto Protein Technologies (St. Louis, MO) 


Com 


MPB Cologne (Cologne, Germany) 


Potato 


Planet Biotechnology (Hayward, CA) 


Tobacco 


ProdiGene (College Station, TX) 


Com 


SemBioSys (Calgary, Canada) 


Safflower 



As of December 3 1 , 2002 



4. WHICH TRANSGENIC SYSTEM IS RIGHT FOR 
YOU? 

Transgenics technology will be very useful for the large-scale 
biomanufacturing requirements of MAbs. But how does one decide which 
transgenic system to use? It is difficult to directly compare such diverse 
systems, but getting the answers to certain questions will help in the 
decision-making process. The characteristics of the MAb and the transgenic 
system employed must both be considered. Below is a non-exhaustive list of 
questions that can be helpful in determining which transgenic system (and 
which Contract Manufacturing Organization - CMO) is appropriate for the 
biomanufacturing of a given antibody. 

4.1 Monoclonal antibody-related questions 

a) Is the MAb post-translationally modified? 

b) What is the size of the gene construct that codes for the MAb (i.e. 
will the gene fit into the expression vector)? 
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c) Will the MAb injure or kill the host production animal or plant if it 
is expressed or released outside of the intended expression tissues? 

d) What are the product development and marketing timelines? 

e) What are the product development and marketing material 
requirements? 

4.2 Technology-related questions 

a) What is the method of transgenesis used? 

b) Has the method of transgenesis been proven to stably integrate a 
transgene? 

c) Can the method selected produce product under Good 
Manufacturing Practices (GMP) conditions? 

d) From the date the CMO receives the DNA, how many months will it 
take to receive the first MAb sample? 

e) From the date the CMO receives the DNA, how many months will it 
take to receive the first GMP-quality MAb? 

f) Will the scaleup timeline match the product development timeline? 
That is, will the transgenic system be capable of supplying materials 
throughout the product development cycle? 

g) Will the transgenic system be capable of scaling up to meet the 
projected peak sales? 

h) What is the expected average annual output (in grams) of crude 
MAb produced per animal or acre? 

i) Can the transgenic system perform the appropriate post-translational 
modifications? 

4.3 Cost-related questions 

a) What are the research and development costs related to development 
of the founder animal or plant? 

b) What are the capital costs (primarily for land, bams, equipment) 
associated with each level of production from pilot scale through 
peak production? 

c) What is the cost per gram to produce the recombinant MAb in pilot 
scale? 

d) What is the cost per gram to produce the recombinant MAb at the 
various key production levels throughout the scale-up to peak 
production? 

e) How will the downstream processing costs of a transgenic starting 
material compare to the costs from traditional feedstreams? 
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5. CONCLUSION 

Traditional methods for biomanufacturing (eg. mammalian cell culture 
and fermentation) will not be able to keep pace with the growing number of 
biopharmaceutical products being developed around the world. Transgenics 
shows great promise for large-scale biomanufacturing. Some believe that 
transgenics will not only alleviate the biomanufacturing capacity shortage, 
but will become the dominant biomanufacturing paradigm. 

There are currently more than 10 transgenic species/systems that have 
either demonstrated the ability to produce MAbs, or show great promise of 
doing so. All of these systems can reasonably be expected to be scaled-up 
for the annual production of 100+ kilogram quantities of Mabs at costs that 
are competitive with, or favourable to those from traditional 
biomanufacturing methods. 

New transgenic systems will almost certainly enter this arena, and some 
of the systems described in this chapter may ultimately prove to be 
unsuccessful. Nonetheless, the great diversity of the various transgenic 
systems described nearly guarantees that one or more of these systems will 
be approved by the relevant regulatory agencies for the production of 
therapeutic MAbs. 
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1. INTRODUCTION 



1.1 Antibody Libraries and Phage Display 

It is almost three decades since Kohler and Milstein published their work 
on the use of cell fusion for the production of monoclonal antibodies from 
immunized mice (Kohler & Milstein, 1975). The technique was rapidly and 
widely adopted and has provided an enormous repertoire of useful research 
reagents (Little et al., 2000). On the other hand, these antibodies have had 
limited success in human therapy (Glennie & Johnson, 2000). One reason is 
that murine antibodies often cause immune response in humans and lead to 
the generation of human anti-mouse antibodies (HAMA reaction), limiting 
the efficacy in long term and repeated administration (Jaffers et al., 1986; 
Schellekens, 2002). Only in certain indications, e.g. for the treatment of 
immuno-suppressed cancer patients, murine antibodies can be used. Two 
examples are the radioisotope conjugated murine anti-CD20 antibodies 
Bexxar® (tositumomab) and Zevalin™ (ibritumomab), which are both 
applied for treatment of lymphoma. The development of genetic engineering 
has allowed the conversion of existing mouse monoclonal antibodies into 
chimeric mouse-human antibodies, and humanised molecules where only the 

* Human Combinatorial Antibody Library 
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complementarity-determining regions (CDR) are of murine origin (Queen et 
al., 1989). To date, 13 therapeutic antibodies have obtained regulatory 
approval. Nowadays it is also possible to generate fully human antibodies, 
using either transgenic mice (Kellermann & Green, 2002), or in vitro 
technologies like phage display (Kretzschmar & von Riiden, 2002), 
ribosomal display (Hanes et al., 2001), bacterial display (Chen & Georgiou, 
2002) or yeast display (Boder & Wittrup, 2000). The generation of human 
antibodies by phage display methods has evolved as a powerful alternative 
for the generation of human antibodies for research, clinical and therapeutic 
applications. Phage display has become the most robust, and by far the most 
widely used in vitro technology for the selection of antibodies. Besides 
enabling the identification of antibodies in a fast, high-throughput mode, 
which allows comprehensive protein expression analyses, phage display has 
been used to identify fully human therapeutic antibodies. Recently, the first 
phage display-derived antibody, Humira™ (adalimumab; Lorenz, 2002) for 
the treatment of rheumatoid arthritis has received market approval by the US 
Food and Drug Administration (FDA). Moreover, about 30% of all fully 
human antibodies now in clinical development have been generated by this 
technology. 

In phage display, the coupling of genotype and phenotype is usually 
accomplished by a genetic fusion of the gene of interest, e.g., an antibody 
fragment, with one of the phage coat protein genes, usually gene III, of the 
E. coli bacteriophage fd or Ml 3. Assembly of the phage and packaging of 
the phage or phagemid DNA takes place in E. coli. Hence, the genetic 
information coding for the fusion gene and the expressed fusion protein 
displayed on the surface of the phage are coupled. 

Phage display libraries of human antibodies have usually been generated 
by PCR amplification of antibody genes from immunized donors (Barbas & 
Burton, 1996), germline sequences (Griffiths et al., 1994, Jirholt et al., 1998, 
Soderlind et al., 2000) or naive B-cell Ig repertoires (Vaughan et al., 1996, 
Sheets et al., 1998, de Haard et al., 1999). Selection of these libraries by 
phage display has yielded human antibodies against numerous haptens, 
peptides and proteins. Immune libraries derived from IgG genes of 
immunized donors have the disadvantage that antibodies can only be made 
against the antigens used for immunization. In contrast, antibodies against 
virtually any antigen, including self, non-immunogenic or toxic antigens, can 
efficiently be isolated from non-immune libraries. The success of obtaining 
high-affinity antibodies is generally assumed to be related to the initial 
library size (Perelson, 1989). Therefore many attempts have been undertaken 
to make the library size as big as possible, and site-specific recombination 
systems have been created to overcome the library size limitations given by 
the conventional cloning strategies (Griffiths et al., 1994, Sblattero et al., 
2000). However, in the libraries described above, the functional library size, 
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i.e. the number of correctly assembled and functionally displayed clones, can 
be orders of magnitude below the apparent diversity usually reported, due to 
the applied technique of isolating and assembling the antibody genes from 
human material. Moreover, the restricted engineering possibilities in existing 
libraries made it desirable to use a complete protein engineering approach 
for the construction of human antibody libraries. 

1.2 HuCAL® (Human Combinatorial Antibody Library) 

The HuCAL® technology (see Figure 2.1) is a unique and innovative 
concept for the in vitro generation of highly specific and fully human 
antibodies. It focuses on a high number of correct antibody fragments, thus 
emphasizing on the functional and not on the apparent library size (Knappik 
et al., 2000). In the HuCAL® libraries the structural diversity of the human 
antibody repertoire is represented by seven heavy chain and seven light 
chain variable region genes. The combination of these genes gives rise to 49 
frameworks in the master library. The genes were optimised for expression 
and folding in E. coli. By superimposing highly variable genetic cassettes 
(CDRs) on these frameworks, the human antibody repertoire is perfectly 
reproduced. The genes and CDRs were prepared and assembled by chemical 
synthesis. A high functional quality of the library is guaranteed by 
diversifying the CDR regions with trinucleotide mixtures (Vimekas et al., 
1994). The use of this trinucleotide mutagenesis (TRIM) technology allows 
the synthesis of any desired mixture of amino acids at will at every single 
position of the variable regions. Therefore, in HuCAL® libraries the length 
and the amino acid composition of the CDR regions are retained according 
to the natural antibody sequences found in humans. The analysis of a large 
database of rearranged human antibodies was the basis for the CDR design. 
The ratio of the amino acids found at each CDR position was reproduced in 
the respective trinucleotide mixture used for oligonucleotide synthesis. 
Amino acid residues not found at certain CDR positions in this database 
were not included in the trinucleotide mixtures at these positions. Hence, all 
HuCAL® CDRs reflect the natural composition of human CDRs. The 
modular design of the library with unique restriction sites flanking the CDR 
and framework regions, as well as compatible vector modules facilitate i) 
conversion into different antibody formats, ii) addition of effector functions 
and iii) further antibody optimisation by exchanging the CDR regions of 
selected binders by pre-built CDR libraries. The first HuCAL® library was 
constructed in the scFv format with both LCDR3 and HCDR3 diversified 
(Knappik et al., 2000). Recently, a new version of the HuCAL® library, 
HuCAL®-Fab 1, was generated (Rauchenberger et al., 2003), wherein we 
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combined all the characteristics of the HuCAL® concept with the superior 
features of the Fab antibody format (see below). 

HuCAL® GOLD is the latest and most powerful antibody library 
developed by MorphoSys (see Kretzschmar & von Riiden, 2002, and 
www.morDhosvs.com for more details). In addition to the proven advantages 
of the Fab format, we have included an entirely new selection technology, 
our proprietary CysDisplay™ (see below). In this library all six CDRs, i.e., 
the complete antigen binding site, have been simultaneously diversified 
using the TRIM technology. The large diversity of the library (1.6xl0 10 
members) facilitates the successful generation of high-quality antibodies. 

CysDisplay™ is a novel and efficient display technology for selecting 
high affinity binders from antibody libraries using filamentous phage 
(Lohning, 2001). The method is based on the simultaneous periplasmic 
expression of engineered phage coat proteins and antibody fragments, both 
containing an impaired cystein residue. Disulfide bond formation between 
both partners results in the formation of a protein complex and subsequent 
incorporation of this complex into phage particles, leading to the monovalent 
display of functional antibody fragments on the surface of phage (Figure 
2.2). Since the disulfide linkage between the antibody fragment and the 
phage coat protein pill is sensitive to reducing agents, an efficient elution 
protocol for the recovery of phages displaying specific, high affinity 
antibody fragments is available. This elution protocol can be applied to any 
type of antigen and is therefore ideally suited for high throughput 
applications. 

Since all HuCAL® libraries proved well suited for selecting antibodies, 
and since the antibodies are very efficiently expressed in E. coli, procedures 
for the automated panning (AutoPan®) and screening (AutoScreen®) with 
high-throughput could be developed. The selection process of HuCAL® 
antibodies was simplified, miniaturised and parallelised using a modular 
system of specialised workstations which enables parallel and interlaced 
handling of work packages (AutoCAL™; Krebs et al., 2001). This automated 
system allows the generation of high quality, validated and sequenced 
antibodies in a high-throughput fashion against hundreds of different 
antigens. 

Whereas the large size and the high quality of our antibody libraries 
facilitate the selection of antibodies against virtually any given target in the 
initial panning process, it is the modularity of the master genes in 
combination with the customised expression vectors, which allows the 
selected antibody candidate(s) being engineered individually to the requested 
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V H master genes 



V L master genes 



Diversity: 

Modularity: 

Expression: 

Optimisation; 



49 human antibody frameworks covering structural diversity 
Completely modular gene structure by de novo synthesis 
Very well expressed in E.coti by optimised codon usage 
Pre-built CDR libraries generated using trinudeofcides (TRIM) 



Figure 2.1. The HuCAL® concept 




In CysDtsptey 1 * 1 , the elution of antibodies from the antigens Is independent of affinity: 

• Ensuring that all specific binders are eluted from the antigen 

• Preventing elution of phages sticking non-spedfically 

• Allowing use of one elution condition for all binders 



Figure 2.2. Comparison of CysDisplay™ used in HuCAL® GOLD with Monovalent Phage 
Display used in HuCAL®-scFv and HuCAL®-Fab 1 libraries 
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needs. Starting from the “lead” Fab fragment, selected from several billions 
of different members of the HuCAL® library, a rapid switch into a range of 
different antibody format(s) is easily accomplished (see section 2). There is a 
choice of different antibody formats, such as scFv, Fab or bivalent, 
tetravalent and multifunctional miniantibodies, as well as complete 
immunoglobulines, having in common the identical VH and VL genes 
(Figure 2.3). In addition, one can choose among a large variety of affinity 
tags or a combination thereof for protein purification or detection in vitro on 
the protein level (e.g. immunoassays, immunoblots, immunoprecipitation, 
capture based assays), on cells (e.g. FACS, immunocytochemistry), on 
tissues (e.g. immunohistochemistry) or even in vivo using customised 
conjugated chemicals or enzymes. The unique restriction sites of the 
HuCAL® system enable a rapid and customised optimisation of affinity and 
specificity of the lead candidate, starting from a single binder or a pool of 
initial binders and pre-made TRIM-diversified CDR-modules (see section 
4.2). 

2. HuCAL® ANTIBODY FORMATS AND 
MANUFACTURING 



2.1 The need for various antibody formats in clinical 
applications 

During selection of an antibody candidate to be further developed as a 
drug substance, various parameters of the molecule are to be evaluated. Key 
topics to be addressed are i) the nature of the antibody (murine, chimeric, 
humanised, fully human), ii) the antibody format (immunoglobulin, 
fragment, conjugate), iii) target specificity, iv) the mode of interaction with 
the antigen, v) the affinity to the target antigen and vi) the anticipated 
biological function of the antibody (e.g blocking, signalling, targeting) 
(Waldmann et al., 2000; Breedveld, 2000; Reichert, 2002; Gura, 2002). 

Protein engineering has opened the door for a variety of alternative 
opportunities for treatment of diseases. The generation of bispecific 
antibodies for example has evolved from the laborious and sophisticated 
hybrid hybridoma (“quadroma”) technology (Milstein & Cuello, 1983) to the 
straightforward and rapid microbial production of bispecific diabodies 
(Holliger et al., 1993; Kiprianov et al., 1999), miniantibodies (Pliickthun & 
Pack, 1997) and combinations thereof (Lu et al., 2002). Bispecific antibodies 
nowadays usually originate from a genetic or chemical fusion of two 
antibody fragments. A potent technology (BiTE™) was recently developed, 
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capturing T-cells (z.e. surface antigens thereof) with one arm of a bispecific 
single chain antibody fragment and at the same time targeting cancer cells 
using the other one, thus promoting an efficient T-cell induced killing of 
cancer cells (Dreier et al., 2002). If Fc-mediated functions are required, 
efficient technologies for the production of bispecific IgGs have also been 
developed (Carter, 2001). 



a) complete IgGl b) Fab c) Fv d) scFv e) diabody 




f) dimeric FatdHLX g) tet ram eric scFv 

Miniantibody Miniantibody 



Figure 2.3. The modular structure of antibody derivatives, a) IgGl : complete immunoglobulin 
molecule; b) Fab: antigen-binding fragment; c) Fv: variable domain fragment; d) scFv: single 
chain variable domain fragment; e) Diabody: dimeric single chain variable domain fragment; 
f) Fab-dHLX Miniantibody: dimeric antigen-binding fragment; g) scFv-p53 Miniantibody: 
tetrameric single chain variable domain fragment. 

Similarly, immunoconjugates are available, harbouring antigen specific 
binding sites for targeting and in addition covalently linked toxins, drugs, 
enzymes, dyes or radionuclides, dependent on the application in diagnostics 
or therapy. Those conjugates facilitate the efficient targeted delivery of 
effector functions to the antigen of interest. Although efficient, significant 
costs and major hurdles in the manufacturing and regulatory approval of 
these molecules must be considered, in order to obtain molecules of suitable 
size, stability, affinity and safety. Successful examples are the development 
of Zevalin™ (ibritumomab), the first approved radiolabeled antibody for 
cancer imaging and therapy (Grillo-Lopez, 2002), and Mylotarg™ 
(gemtuzumab), an antibody against the cellular surface antigen CD33, 
conjugated with the cytotoxic antibiotic calicheamicinan (Voutsadakis, 
2002). Furthermore, for diagnostic purposes immunoconjugates can facilitate 
the non-invasive localization of tumours or other targets (Ramjiawan et al., 
2000 ). 

Multivalent antibody fragments derive from genetic engineering of 
antibody fragments fused to multimerisation domains by recombinant DNA 
technology. These proteins can be produced efficiently in microorganisms 
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(Horn et al., 1996). The obvious potential benefit in therapeutic applications 
is an improved in vivo targeting potential, caused by the increased functional 
affinity (avidity). In addition, the increased molecular weight is favourable 
in terms of serum clearance since larger molecules cannot easily pass the 
renal filtration threshold and remain longer in blood circulation. 
Miniantibodies have been proven very useful in research applications as well 
as in clinical applications (Holliger & Hoogenboom, 1998). As an example, 
the efficacy of miniantibodies was recently demonstrated in an in vivo study 
on tumour targeting (Willuda et al., 2001). For monitoring of the antibodies 
in vivo, monomeric scFv, dimeric scFv-dHLX and tetrameric scFv-p53 
miniantibodies could be efficiently radiolabelled with 99m technetium- 
tricarbonyl. The labelled multimers all retained their state of oligomerisation, 
remained functional to at least 80% and showed better serum stability at 
37°C than the monomer. The multimers dissociated significantly slower 
from the tumour antigen. Interestingly, in these assays a difference in avidity 
was not observed for the dimeric and tetrameric antibodies, since probably 
not more than two antigen molecules on the cell surface can be accessed 
simultaneously by one antibody molecule. However, the increasing degree of 
multimerisation did correlate with longer serum half-lives in blood. The 
tetrameric antibody revealed the best tumour targeting potential, 6-fold 
higher than its dimeric counterpart, and remained stably bound at the 
tumour, with a tumour-to-blood ratio of 13.5:1 after two days. 

Fab fragments, which do not have an Fc-part, have also gained 
importance in clinical applications. Depending on the specific indication, it 
is often favourable to omit interactions with Fc-receptor bearing cells. The 
reduced molecular weight of the Fab favours efficient tissue penetration and 
fast body clearance. As described, the latter effect can be modified by 
choosing multivalent formats (Humphreys et al., 1998, 2001; Willuda et al., 
2001; Weir et al., 2002) and/or by chemical engineering, e.g. conjugation 
with polyethylene glycol (PEG) (Chapman et al., 1999, 2002). In a recent 
study, an anti-TNFa Fab fragment was chemically engineered by site- 
specific PEGylation and subsequently evaluated in a pharmacokinetic study 
in vivo (Choy et al., 2002). Compared to a TNFa-blocking IgG, the modified 
Fab fragment equally fulfilled the crucial requirements for in vivo 
administration, such as long plasma half-life, high affinity and safety. 
Whereas IgGs are produced in mammalian cell culture, Fab fragments can 
be produced in microorganisms and therefore represent a cost-attractive 
alternative to IgGs. Further examples for therapeutic antibody fragments 
having proven efficacy in clinical trials are the marketed chimeric Fab 
ReoPro™ (abciximab) and the two scFv fragments pexelizumab and Hll, 
both in clinical development. The ReoPro™ Fab fragment was approved for 
human use in 1994 and has been administered to well over one million 
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patients worldwide ever since. Considerable information has been 
accumulated about pharmacology, safety and efficacy (Davis et al., 2000), a 
valuable starting point for further developments of therapeutic antibody 
fragments. 

In summary, a significant need exists to evaluate optimised therapeutical 
approaches by comparing various antibody candidates in different formats 
mediating different strategies of treatments in early phases of drug 
development. Since the majority of candidates is not reaching clinical 
phases, it is mandatory to limit costs by shortening timelines for an efficient 
candidate screening early on. Ideally, a panel of antibody candidates will be 
evaluated, targeting different epitopes of the same antigen or targeting the 
same epitope with different intrinsic or functional affinities or triggering 
different Fc-mediated effector functions in vivo (Mimura et al., 2001; 
Jefferis et al., 1998, Jefferis & Lund, 2002). Such requirements are 
accomplished most efficiently by using a “plug & play” system, which 
keeps the antigen specific regions of the “parent” antibody untouched 
throughout conversion into different antibody formats. The combination of 
modularity and fully human design makes HuCAL® a unique source for such 
antibody-based applications ranging from high-throughput screening all the 
way to therapeutic antibodies. 

In the following, the various HuCAL® antibody formats will be 
introduced, and examples for the application of the HuCAL® technology in 
target research and for the generation of therapeutic antibodies will be given. 

2.2 Monovalent and multivalent HuCAL® antibody 
fragments 

Unlike the traditional immunoglobulin format of 2 heavy chains (4 
domains each, VH-CH1-CH2-CH3) and 2 light chains (2 domains each, VL- 
CL), the Fab fragment only consists of 2 chains, the heavy chain fragment 
Fd (VH-CH1) and the light chain (VL-CL), lacking the Fc-part (CH2-CH3), 
which is usually post-translationally modified with complex sugar residues 
(Figure 2.3). In the HuCAL®-Fab format, no intermolecular disulfide bonds 
are present, since the respective cystein residues were omitted. The Fab 
fragments can easily be produced as monomeric soluble molecules, which is 
a crucial pre-requisite for enabling a reliable screening of intrinsic affinities. 
In the HuCAL®-scFv format, VH and VL are covalently linked by a peptide 
linker of 20 amino acid residues. As for multivalent antibody fragments, the 
term “miniantibody” was used as a synonym for miniaturised antibodies 
engineered to mimic complete immunoglobulins in terms of multivalent 
binding with similar spacing and rotational freedom of the variable domain 
arms, but at the same time lacking the Fc-part, thus reducing the molecular 
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weight of the molecule significantly (Pack & Pluckthun, 1 992; Pliickthun & 
Pack, 1997). HuCAL® miniantibodies have been successfully produced as 
non-covalently linked dimeric and tetrameric molecules, which 
spontaneously assemble in a soluble and functional form in the periplasm of 
E. coli (Pack et al., 1993; Krebs et al., 2001). Dimerisation and 
tetramerisation was easily facilitated by genetically connecting the antibody 
fragment modules with the synthetic helix-tum-helix domain “dHLX” 
(O’Shea et al., 1989) or with the multimerisation domain of the human p53 
protein (Rheinnecker et al., 1996), respectively. The synthetic dHLX 
dimerisation domain is very small (3 kDa) and dimerises in an anti-parallel 
orientation to a four-helix-bundle giving the two non-covalently dimerising 
Fab fragments the Y-like shape of a bivalent antibody. For scFv-dHLX 
constructs, functional affinities were obtained, identical to the complete 
parent immunoglobulin (Pack et al., 1993, 1995). Although in general a 
reduction in production yield can be observed, as compared with monovalent 
fragments, it has been shown that functional miniantibodies can efficiently 
be produced from optimised high cell density E. coli cultures in the gram per 
litre range (Pack et al., 1993; Horn et al., 1996). 

2.3 Biophysical properties of HuCAL® antibody 
fragments 

The importance of the biophysical properties of clinically relevant 
antibody candidates has recently been demonstrated for a high affinity scFv 
fragment raised against the tumour-associated antigen EGP-2 (epithelial 
glycoprotein-2) (Willuda et al., 1999). Despite its high antigen binding 
capacity in vitro, the scFv failed to efficiently enrich on tumours in vivo. Due 
to an insufficient thermodynamic stability, the antibody had to be engineered 
by CDR grafting and point mutation approaches, before the desired 
functionality in vivo was obtained. 

In order to evaluate the biophysical properties of HuCAL® antibodies in 
more detail, a comprehensive study was recently performed on the isolated 
seven HuCAL® consensus VH and VL domains and compared to 
combinations thereof in the scFv format (Ewert et al., 2003a). The key 
parameters, that influence solubility, folding efficiency and stability of the 
isolated domains and the scFv constructs were identified. Since each 
antibody domain represents a consensus sequence of a human variable 
antibody domain, the properties of the HuCAL® constructs may be 
extrapolated to all human antibodies. The studies confirm earlier 
observations, that many de-/stabilising effects contribute to the overall 
intrinsic stability of a protein by a complex pattern of intra- and 
intermolecular electrostatic and hydrophobic interactions among amino acid 
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side chains, secondary structure elements and domain interfaces (Brandts et 
al., 1988; Matthews, 1995; Jaenicke etal., 1996; Jaenicke & Lilie, 2000). As 
for the scFv fragments, certain CDRs turned out to have a strong influence 
on the packing of the hydrophobic core and thus on the overall stability of 
the domains. Likewise, the core residues exert a strong influence on the 
conformation of the CDRs, which in turn determine affinity and specificity 
of the antibody. Not surprisingly, the combination of the most stable VH 
domain with the most stable VL domain resulted in a very stable scFv 
fragment VH3 Vk 3. However, the most stable scFvs originate from VA. 
domains, which represent the least stable domains, when isolated. This 
cooperative effect is probably due to the stabilising impact of the domain 
interfaces in concert with the CDRs contributing to an improved packing of 
the hydrophobic core. These physicochemical studies together with further 
rational protein engineering approaches have meanwhile identified and 
further improved the “weakest links” within antibody structures, providing 
the proof-of-concept, that any antibody construct can be engineered to the 
desired application (Forsberg et al., 1997; Wall & Pliickthun, 1999; Worn & 
Pliickthun, 1999, 2001; Ewert et al., 2003b). The essentials of these and 
other studies have been implemented in the HuCAL® GOLD antibody 
library. 

In order to evaluate the stabilities of different Fab constructs with 
identical target specificity, a comparison between a mouse Fab, a chimeric 
Fab (mouse CL-CH1 + human VL-VH) and a fully human HuCAL® Fab was 
performed. In addition, three constructs were designed where intermolecular 
disulfide bonds between the respective heavy and light chains were 
introduced (unpublished results; B. Brocks, R. Ostendorp). The six 
constructs were produced in E. coli and subsequently incubated at 37°C in 
human plasma for up to 15 days and at up to 70°C in buffer for 30 min. In 
terms of expression yields, an additional intermolecular disulfide bond 
between heavy and light chain only had a beneficial impact on the mouse 
construct, whereas the chimeric and human Fab fragments showed a clearly 
worse expression, thus confirming earlier observations on the reduced 
expression and folding efficiency of disulfide linked antibody fragments in 
E. coli (Humphreys et al., 1997; Schmiedl et al., 2000). Stability testing of 
the purified proteins at 37°C in human plasma showed no significant 
decrease in binding activity over an incubation time of up to 15 days. 

Elevated temperature studies also serve as indicators for the intrinsic 
stability of proteins. As shown in Figure 2.4, the mouse constructs clearly 
represent the least stable formats. As for the disulfide bonds, it is only at 
very high temperatures, where a stabilising impact on the chimeric and 
human constructs can be observed, an additional ~20% activity can be 
retained using disulfide-stabilised constructs. These data indicate, that 
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HuCAL® Fab fragments are likely to be equally suited for in vivo 
applications as disulfide bonded constructs are. Due to the absence of an 
intermolecular disulfide bond in HuCAL® Fab fragments, there is neither the 
risk of wrong disulfides or multimers to be formed during protein folding 
and assembly nor can disulfide shuffling occur in the “mature” protein. 
However, in case an intermolecular disulfide bond is needed, it can easily be 
engineered into the HuCAL® construct. 




20 40 60 

Incubation Temperature (°C) 



80 



• Mouse Fab 



■O- - - Mouse Fab-SS 
-A — Chimeric Fab 



■ - -A- ■ -Chimeric Fab-SS 
— • — HuCAL Fab 
- - O - - HuCAL Fab-SS 



Figure 2.4. The impact of antibody format (mouse, chimeric, human) and an intermolecular 
disulfide bond (SS) on the heat stability of Fab constructs 

In a different study, the applicability of HuCAL® antibodies for 
analytical and diagnostic applications was evaluated. HuCAL®-Fab 
fragments were generated against a panel of bacterial toxins as markers for 
pathogenic microorganisms (unpublished results; K. Kramer, Technical 
University of Munich, Germany). In addition, haptens like insecticides and 
herbicides were used as antigens. As compared to “conventional” 
immunization approaches yielding IgG-derived polyclonal antibodies, highly 
specific HuCAL®-Fab fragments could be generated with superior features 
in terms of specificity and robustness. For example, the sensitivity of the Fab 
fragments in herbicide detection showed an up to 30.000-fold better 
performance compared to their polyclonal counterparts. Since robustness 
against unfavourable extrinsic factors like organic solvents and elevated 
temperatures is a pre-requisite for the employment of “biosensors” in 
analytical applications, the Fab fragments were also tested under these 
conditions. For most of the candidates, an incubation in 53% (v/v) methanol 
did not affect their analytical potential significantly. Similarly, selected 
HuCAL® antibodies have even retained full binding activity upon incubation 
at up to 80°C for 24 hours. 
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These findings confirm, that the design of the HuCAL®-Fab constructs 
has been optimised regarding protein folding, framework stability and 
expression yields. Heavy and light chains can efficiently fold and assemble 
in the periplasmic space of E. coli, without necessitating a stabilising 
intermolecular disulfide bond. Nevertheless, the resulting P-sandwich 
structure still leaves sufficient flexibility in the Fab molecule to efficiently 
bind the antigen of interest. Thus, an optimised combination of high intrinsic 
stability, stable non-covalent association of heavy and light chains and 
reliable functionality has been realised in the HuCAL®-Fab construct. 

2.4 Immunoglobulins 

In the recent years several therapeutic antibodies, mostly IgG molecules, 
have been approved for clinical applications (Glennie & Johnson, 2000; 
Reichert, 2001, 2002). The “renaissance” of antibodies as therapeutics is 
accelerated by the phage display technology, which allows a much faster 
generation of specific human antibodies than the conventional techniques. 
The selection and characterisation of human Fab fragments from the large 
antibody repertoire of the HuCAL® GOLD library can be performed within 
weeks, even for toxic, low immunogenic or self antigens and the modularity 
of the HuCAL® system allows the rapid conversion of the selected Fab into 
immunoglobulins. HuCAL® vectors for the expression of fully human IgGl, 
IgG4 and IgAl are currently available. IgGl as the predominant 
immunoglobulin in human serum promotes phagocytosis, antibody- 
dependent cellular cytotoxicity and superoxide generation of diverse cell 
populations by preferential binding to all three types of Fcy-receptors 
(Gessner et al., 1998). In combination with its complement binding activity, 
IgGl is most often leading to a depletion of target cells (Mourad et al., 
1998). In contrast, the IgG4 subclass is rather weakly binding to Fcy- 
receptors and shows a low complement fixing capacity (Bachelez et al., 
1998). Therefore, targeted cells are not depleted but mainly coated. The 
predominantly bivalent serum IgAl does not bind to Clq (Morton et al., 

1993) , but is capable of activating the alternative complement pathway. It 
binds to Fca receptors thereby promoting phagocytosis, superoxide 
generation and clearance of immune complexes (Carayannopoulos et al., 

1994) . 

HuCAL® vectors for the expression of chimeric human/mouse IgGl, 
IgG2a and IgG3 are also available. The chimeric antibodies, harbouring 
murine Fc-parts, serve as useful tools in preclinical animal studies and in 
immunohistochemistry on human tissues, as the endogenous human 
immunoglobulins often cause background staining. The chimeric constructs 
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with their murine constant regions can easily be detected in a human protein 
background. 

The conversion of any HuCAL® Fab into the format with the desired 
effector function is performed by two simple cloning steps, omitting any 
PCR steps in between that might cause mutations in the fully human 
sequences. The constant region genes in the Ig-vectors harbour silent 
mutations to remove restriction enzyme sites non-compatible with the 
modular design of HuCAL®. Thus HuCAL® allows seamless “switching” of 
Ig-classes or -subclasses at any stage of the development. 

2.5 Antibody manufacturing 

As for the production of antibody fragments, protein engineering has 
opened the way to circumvent the laborious and time-consuming generation 
of Fab fragments by proteolytic digestion of full IgG molecules produced in 
cell culture. Since the first antibody fragments have been functionally 
expressed in E. coli (Skerra & Pluckthun, 1988; Better et al., 1988), they are 
nowadays preferably produced in microorganisms. In general, microbial 
systems, such as bacteria, yeast and fungi represent the most mature 
production processes for biopharmaceuticals. Even for laboratory-scale 
production of research material, impressive yields in the range of multi- 
grams of soluble and functional antibody fragment per litre of high cell 
density growth cultures have been reported (Horn et al., 1996; Pluckthun et 
al., 1996; Humphreys etal, 2002). 

The main advantages of microbial manufacturing are i) the applicability 
to any production scale from micrograms to kilograms of material, ii) known 
bioprocessing procedures, iii) very high product yields, iv) favourable 
timelines and v) attractive costs of goods. Recent estimates have calculated a 
cost factor of 3 to 10 in favour of large-scale bacterial production systems as 
compared with mammalian ones (UBS Warburg). For these reasons and 
despite the fact that the majority of marketed therapeutic antibodies are 
mammalian cell culture derived IgGs, major efforts and investments are 
currently being made in order to increase production capacity for microbial 
fermentation. A major task is the establishment of generic fermentation and 
downstream processes for antibody fragments, comparable to the well- 
established IgG-pipelines. The importance of this task is underlined by the 
fact, that downstream processing accounts for about 50% of the overall 
manufacturing costs in microbial processes. A first step in this direction has 
been made by the establishment of a heat precipitation step during 
downstream processing of E. coli derived Fab fragments (Weir & Bailey, 
1997), making use of the high intrinsic stability of this antibody format (see 
also section 2.3). 
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For expression and folding in E. coli, the codon usage of the HuCAL® 
VH and VL master genes as well as of the constant region genes CHI, CX 
and Ck were optimised (Knappik et al., 2000). Therefore, high yields of 
HuCAL® antibody fragments can routinely be achieved from standardised 
E. coli expression cultures. Although the codon usage was brought in line 
with bacterial expression, disadvantages for the expression of HuCAL® 
antibodies in mammalian cells have not been observed, indicating that the 
codons are not compromising mammalian expression. The HuCAL® Ig- 
vector design is in principle suited for i) transient expression, ii) stable 
expression with episomal maintenance of the heterologous DNA and iii) 
stable expression with chromosomal maintenance of the heterologous DNA. 
The Ig- vectors enable to generate sufficient material for the evaluation of the 
immunoglobulins very rapidly, as the yields from non-optimised 
standardised small-scale expression and affinity purification range from 5 to 
15 mg per litre static culture supernatant (Krebs et al., 2001). By applying 
more sophisticated cell culture methods in combination with high yielding 
host/vector systems the yields in IgG production are drastically improved. 
Yields of more than 0.5 g functional IgG per litre culture supernatant have 
been obtained. The defined HuCAL® antibody frameworks, which exhibit 
uniform expression and folding behaviour, should allow generic 
manufacturing pipelines to be established. 

2.6 Emerging technologies for antibody manufacturing 

Despite the fact that efficient manufacturing procedures for antibodies 
have been developed, both in microbial and mammalian host cell systems, 
several drawbacks can be observed, such as incorrect protein folding or 
glycosylation, inclusion body formation, proteolytic degradation or toxicity 
of the recombinant protein for the host cell. However, inclusion body 
formation has been exploited as an elegant “concentration step” of the 
recombinant target protein already within the host cell. This simplifies 
subsequent downstream processes significantly, but on the other hand also 
requires sophisticated refolding steps to be established (Buchner & Rudolph, 
1991). As for the other potential drawbacks, a trend towards the combination 
of protein engineering of the antibody with “metabolic engineering” of the 
host cell can currently be observed. Optimisation of the translational level of 
the recombinant protein (Simmons & Yansura, 1996) or knock-out of entire 
host cell genes, coding for cell death enhancing proteins (Tey et al., 2000) 
have been shown to increase product yield and lifetime of the host cells, 
respectively. Manipulation of the intracellular redox system by co-secretion 
of chaperones and disulfide isomerases or the addition of low molecular 
weight supplements during fermentation have also increased the yields of 
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soluble and functional protein significantly (Lilie et al., 1993; Bothmann & 
Pliickthun, 1998; Martineau et al., 1998; Schaffner et al., 2001; Venturi et 
al., 2002; Laden et al., 2002; Hiniker & Bardwell, 2003). In terms of 
limitations of species specific glycosylation patterns, this problem can also 
be abolished by metabolic engineering (Baker et al., 2001; Bakker et al., 
2001), or alternative eukaryotic host cell lines (Palomares et al., 2003). 

In parallel to the “engineering approach”, alternative prokaryotic and 
eukaryotic expression systems are currently being evaluated. For example, 
cell wall-less bacteria (L-forms), lacking the outer cell membrane, were 
employed for the production of scFv fragments and scFv-dHLX 
miniantibodies, which could be synthesised and correctly processed in the 
absence of a periplasmic compartment (Gumpert & Hoischen, 1998; Kujau 
et al., 1998). L-form cells of Proteus mirabilis were used to express scFv 
fragments, which were of potential clinical interest, but showed severe 
production problems in E. coli. It turned out, that none of these problems 
occurred in Proteus and yields of up to 200 mg scFv per litre of culture 
medium were obtained (Rippmann et al., 1998). Alternative human cell lines 
such as PER.C6 (Jones et al., 2003) and HKB11 (Cho et al., 2003) have 
recently gained interest, having the potential of providing superior 
expression yields and more favourable posttranslational modifications, 
which might positively affect immunogenicity of the antibodies. Since these 
human cell lines have been shown to function equally well at various 
production scales, they might also be able to overcome yet another 
bottleneck in drug development, namely the transition from screening scale 
material to large scale manufacturing. 

Transgenic animals and plants represent an alternative, which might help 
overcoming an anticipated manufacturing capacity shortage. Although rather 
long lead times have to be accepted, major regulatory hurdles still have to be 
taken and the first “transgenic antibody” remains to be approved, it might 
become an attractive technology with respect to the cost of goods. 

By expressing full-length IgG molecules in the E. coli periplasm 
(Simmons et al., 2002), an elegant link has recently been established 
between microbial fermentation being the most mature technology for 
biopharmaceutical proteins in general and IgGs being the most successful 
biopharmaceutical antibody format. Antigen binding and pharmocokinetic 
properties remained unchanged in the aglycosylated IgG as compared with 
mammalian derived counterparts. This technology might become an 
attractive alternative for antibody applications, where glycosylation is 
dispensable. 

With the ambitious goal to leave behind all the cell related problems in 
protein production, cell-free translation systems have been developed, 
mimicking the protein expression machinery in vitro (Spirin et al., 1988). 
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With respect to antibody production in vitro, the effect of mRNA structure, 
amino acid sequence changes and protein labelling as well as the impact of 
extrinsic factors such as chaperones, disulfide isomerases or medium 
components on folding, assembly and functionality of antibody fragments 
have been examined for scFv fragments (Ryabova et al., 1997; Kigawa et 
al., 1999) and Fab fragments (Jiang et al., 2002). Although cell free 
translation systems have recently evolved dramatically resulting in 
commercially available “kits”, which already yield milligram amounts of 
protein, the potential and the economy of this technology for large scale 
manufacturing of antibodies in vitro remains to be shown (for a review see 
Jermutus etal., 1998). 

Whereas the “traditional” antibody manufacturing practices demonstrate 
proven success and thus represent a “paved way” for drug approval, the 
anticipated capacity needs of well over one million litre fermenter space in 
the next few years can probably not be met using conventional technologies 
(UBS Warburg). A recent study of the Center for Biologies Evaluation and 
Research (CBER) revealed, that delays in regulatory approvals of Biologies 
Licence Applications (BLA) most frequently can be related to manufacturing 
issues, followed by safety and efficacy issues ( BioCentury , Feb. 3, 2003). 
This underlines the need for more efficient and/or alternative manufacturing 
strategies for compound supply. The accumulated knowledge about 
approved therapeutic proteins, combined with the recent advances in 
analytical methods will provide more detailed information about how to 
improve the manufacturing process. By rational design of the antibody, the 
expression system and the manufacturing processes, regulatory approvals 
will be more streamlined in the future. However, any new system for 
improved antibody expression has to face the (regulatory) risk of “being the 
first of its kind” in clinical trials. 

3. HuCAL® - APPLICATIONS IN TARGET 
RESEARCH 



3.1 Antibodies against EST-encoded polypeptides 

Genome projects have identified a huge number of genes, accelerating 
the need for reagents to study the expression of these genes and to elucidate 
the function and cellular location of the gene products. Expressed Sequence 
Tags (ESTs) are gene fragments, which usually represent the first evidence 
for the existence and expression of a gene (Adams et al., 1995). Although 
ESTs are generated in vast numbers as part of the Human Genome Project, 
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the functions of the corresponding genes and gene products are mostly still 
unknown. Antibodies are the first choice tools to determine the level of 
expression of the EST-encoded protein in various tissues of the organism, 
and to finally elucidate its function. It was suggested earlier to express the 
ESTs and to generate antibodies by immunizing animals with the 
corresponding polypeptides (Venter & Adams, 1993). In a similar approach, 
DNA constructs comprising open reading frames have been injected into 
animals to generate an immune response against the polypeptide expressed 
in vivo (Sykes & Johnston, 1999). However, these approaches are not 
amenable to the high-throughput generation of antibodies. 

We have developed a generally applicable method, designated HuCAL®- 
EST, for the high-throughput generation of antibodies to EST-encoded 
polypeptides. We express these polypeptides as fusions with the N1 -domain 
of the gill-protein of filamentous phage M13 in E. coli leading to high-level 
expression and formation of inclusion bodies. After standardised purification 
and refolding, these fusion proteins enter our high-throughput antibody 
generation process. The selected antibodies can then be employed for 
immunohistochemistry (IHC) experiments for target research/validation 
purposes (see section 3.2). The main advantages of this process are i) high- 
throughput, ii) fast delivery of antibodies raised against (unknown) protein 
fragments and recognising the maternal protein, iii) high numbers of IHC- 
grade antibodies recognising various epitopes of the maternal protein and iv) 
very good overall success rates. Alternatively, antibodies can be generated 
against peptides derived from an EST or protein sequence (Persic et al., 
1999; Krebs et al., 2001). However, due to the relatively small contact 
region of the antigen binding site on the antibody with the small peptide, 
which limits the maximum binding energy, it is difficult to obtain anti- 
peptide antibodies with sufficiently high affinities. Moreover, to increase the 
probability of selection of binders recognising the maternal protein, 
antibodies against different peptides derived from one target sequence have 
to be generated (Siegel et al., 2000). This causes a “target inflation”, which 
represents a significant cost factor in target research. The use of long EST- 
encoded polypeptides, covalently linked to a well folding fusion partner as in 
HuCAL®-EST, in addition facilitates three-dimensional structures (i.e. 
epitopes) to be generated. As compared to short linear peptide antigens, the 
success rate to generate an antibody recognising the maternal protein of 
interest is significantly increased by the use of the HuCAL®-EST 
technology. 

We have demonstrated the success of this method in a proof-of-principle 
study for eleven different N1 -fusion proteins containing fragments of human 
Mac-1 alpha chain, MHC class II alpha and beta chain, NF-&B p50, ICAM-1 
and the human cytomegalovirus protein UL84 (Frisch et al., 2003). 




HuCAL ® - Generation of Human Antibodies 



31 



Fragments of these well-characterised proteins have been chosen to evaluate 
the specificity of the generated antibodies on the respective maternal full- 
length proteins. Fusion proteins with molecular weights ranging from 19 
kDa to 76 kDa could be rapidly expressed, purified and refolded to soluble 
proteins, even in the presence of transmembrane domains. The redox system 
routinely used for refolding of the fusion proteins enables disulfide bonds to 
be established. However, we have not tested the biological activity of the 
fusion proteins. The refolded protein preparation will probably consist of a 
mixture of correctly folded functional domains and misfolded inactive 
molecules. From a single panning process, we have selected antibodies that 
react either with the denatured, or the native maternal protein or with both of 
them. The suitability of “HuCAL® anti-EST antibodies” for target 
identification and target validation was proven in various methods, such as 
Western blotting, flow cytometry and IHC. The antibodies displayed 
affinities in the low nanomolar range. The HuCAL®-EST technology is now 
routinely used in a high throughput-mode for the generation of IHC-positive 
antibodies (see also Figure 2.5). To date, the success rates for selecting 
target-specific antibodies (including EST-encoded polypeptides, peptides 
and proteins), which work in Western Blot and immunohistochemistry is 
about 85% and 74%, respectively. Due to their fully human nature and 
modular design, these antibodies, initially evaluated in target identification 
and validation programs, may then immediately serve as lead candidates for 
drug development. 

3.2 Protein expression profiling 

In vitro methods such as Western blotting, FACS, immunopreciptitation, 
ELISA or array-based methods are routinely used for protein expression 
analysis. In addition, staining of tissues with specific antibodies has become 
a powerful method in the field of target identification and validation for in 
situ protein expression profiling. Traditionally (bivalent) IgGs have been the 
constructs of choice for IHC. We have established the bivalent Fab construct 
Fab-dHLX (see section 2.2), which proved to be ideally suited for 
applications in IHC (see Figures 2.3 and 2.5). Dimeric Fab-dHLX 
antibodies, mimicking full IgGs in terms of bivalency, can rapidly be 
produced in milligram amounts in E. coli , thus omitting time-consuming IgG 
production and therefore facilitating high-throughput IHC applications. With 
respect to seamless transitions of high-throughput pipelines, the Fab-dHLX 
format completes the entire way from antigen generation (HuCAL®-EST), 
antibody generation and production (AutoCAL™) to antibody selectivity 
screening. Novel targets, e.g. derived from genomics approaches, can now 
be validated by immunohistochemical studies at high speed within weeks 
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Figure 2.5. Immunohistochemistry using HuCAL® Fab-dHLX antibodies on paraffin- 
embedded tissue sections. Upper panel: cross-section mouse eye (retina); specific staining of 
the rod area (arrows). Lower panel: cross-section mouse small intestine (through intestine 
villi); specific staining of the columnar epithelial cells (arrows). EST-encoded polypeptides 
(256 and 150 amino acid residues, respectively) were produced using HuCAL®-EST 
technology. Specific antibodies were generated using the automated AutoCAL™ technology 
and subsequently produced in £. coli. Right panels represent negative controls. 

and with very high quality (Sun C. et al., 2003). Examples for successful 
applications of the proprietary bivalent Fab-dHLX format in IHC are 
shown in Figure 2.5. From bioinformatics approaches, open reading frames 
(ORFs) were identified in cDNA sequences, which potentially code for 
therapeutically relevant proteins. Milligram amounts of EST-encoded 
protein fragments were produced in E.coli and subsequently used as 
antigens in our automated antibody generation process (AutoCAL ). 
Screening of the output then revealed antibodies, which facilitate validation 
of the target in IHC. Therefore, the assumed expression patterns of gene 
products based on cDNA studies can be confirmed experimentally on the 
protein level within a few weeks using HuCAL® -technologies. 
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In target research and clinical diagnostics applications, antibody 
microarrays have become a useful tool for the simultaneous detection and 
quantification of various defined “marker” proteins within the proteome of 
the target cell. Innovative approaches for array-based high-throughput assays 
are currently being developed, ranging from the immobilisation of entire 
scFv-expressing bacteria (deWildt et al., 2000) or eukaryotic cells (Schwenk 
et al., 2002) to proteins/antibodies or fragments thereof (Luecking et al., 
1999; Cahill, 2001; Haab et al., 2001; Eickhoff et al., 2002). The proven 
efficacy of antibodies in targeting and capturing of antigens has recently 
boosted their employment as receptors or biosensors on “bio-chips” (Lesley, 
2001; Hayhurst, 2001; Joos et al., 2002; MacBeath, 2002; Templin et al., 
2002; Walter et al., 2002). New immobilisation methods now facilitate the 
directed orientation of antibodies, increasing the fraction of functional 
molecules on the surface and thus the binding capacity of the “biosensor” 
(Peluso et al., 2003). Because of its reliable functionality and stability (see 
section 2.3) and the faster and cheaper production as compared to IgG, the 
Fab format again proves to be the format of choice for array-based 
applications. 

We have further analysed the application of antibody microarrays for the 
reliable measurement of affinities. As described above, recombinant 
antibody technologies allow the isolation of binders to nearly any given 
target molecule within a few weeks, which indicates that the bottleneck in 
the generation of efficient lead molecules has therefore shifted from the 
selection and production process to the detailed characterisation of the 
antibodies. While established methods for affinity determination, such as 
surface plasmon resonance, which rely on kinetic measurements of 
association and dissociation constants, give reliable results with a reasonable 
consumption of sample, the speed of the methods is the limiting factor for 
screening purposes. Therefore, microarray approaches for the determination 
of relative affinities have an enormous potential to speed up the process of 
the characterisation of protein-protein interactions. Based on the predictable 
expression behaviour of HuCAL®-Fab fragments, we have therefore recently 
developed array-based technologies for reliable high-throughput parallel 
screening of Fab candidates. Starting from crude E. coli lysates, an efficient 
method for affinity screening was established (Joos et al., 2002; O. Poetz et 
al., in preparation). The goals were i) to quantify the amount of Fab 
fragments present in the crude lysates, ii) to simultaneously detect antigen 
specific binding of the Fab fragments as compared to irrelevant antigens 
(crossreactivity screening) and iii) to determine the apparent affinities of the 
antibody-antigen interactions. As confirmed by surface plasmon resonance 
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measurements, the method is useful for a fast and reliable affinity ranking of 
minute amounts of non-purified Fab from small-scale E. coli cultures on 
minute amounts of antigen. Thus, the HuCAL® high-throughput antibody 
generation platform could be combined with a microarray-based high- 
throughput affinity ranking method. Applications of this method comprise an 
efficient library screening, e.g., in target research programs, as well as 
proteomics and clinical diagnostics. Further developments in this direction 
are on the way. 

3.4 Functional analyses 

Beyond pure binding to the antigen, antibodies can exhibit functional 
activity via a variety of different mechanisms (for review see Glennie & 
Johnson, 2000). First of all the antibody can simply block specific activities 
or interactions, e.g. inhibition of enzyme activity, neutralisation of soluble 
mediators, or blocking interactions between ligand and receptor, cell and cell 
adhesion molecules, or virus and host cell. A whole range of different assays 
are established at MorphoSys to evaluate blocking potential of selected 
antibodies. An example for a protease inhibition assay is described in section 
4.1.2, examples of protein-cell and cell-cell adhesion assays can be found in 
sections 4.1.3 and 4.1.4. In addition, antibodies can exhibit signalling 
function. Binding to cell surface receptors can trigger transmembrane signals 
that control the cell cycle and induce e.g. cell proliferation or cell death. In 
most cases, this requires cross-linking of the target molecules and therefore 
bivalent antibody formats are used. The antibodies substitute for specific 
ligands, which activate their receptor molecules by inducing receptor 
dimerisation and subsequent signalling pathways. Proliferation and killing 
assays are established and an example will be given in section 4.2.2. Full Ig 
molecules can also exhibit functional activity via induction of the 
immunological effector systems (see section 2.4). Induction of the classical 
pathway of complement activation results in complement-dependent 
cytotoxicity (CDC). Activation of effector cells via binding to the respective 
Fey receptors leads to antibody-dependent cell-mediated cytotoxicity 
(ADCC). Both mechanisms are induced by the human IgG 1 subclass, while 
IgG4 is rather weakly binding to Fcy-receptors and shows a low 
complement fixing capacity. HuCAL®-IgGl has proven to be effective in 
both assay systems. Overall, antibodies originally generated by target 
research programs can directly be characterized for functional activity 
allowing a seamless transition to the identification of therapeutic antibodies. 
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4. HuCAL® - DESIGNED FOR THERAPEUTIC 

APPLICATION 



4.1 Antibody generation 

The HuCAL® technology is currently being exploited for the generation 
of therapeutic antibodies in a broad spectrum of indications, such as 
inflammation, leukemia, solid cancer as well as cardiovascular, liver, and 
CNS-related diseases. Therapeutically relevant HuCAL® antibodies were 
generated against a wide range of different target molecules, including 
adhesion proteins, receptor tyrosine kinases, MHC molecules, cytokines, 
proteases, and protease inhibitors. In this section examples will be given for 
antibody generation against the serine protease MT-SP1, the human 
fibroblast growth factor receptor 3 (FGFR3) and the human intercellular 
adhesion molecule 1 (ICAM-1). These examples demonstrate the broad 
applicability of the HuCAL® libraries with different antibody formats and 
selection strategies. 

4.1.1 Selection procedure 

The design of an appropriate selection strategy is crucial for the rapid 
generation of antibodies with therapeutic potential. Direct immobilisation of 
purified antigen to e.g. microtitre plates is used as simple and effective 
standard procedure, but can lead to conformational changes of the antigen. 
As a consequence not all isolated antibodies will bind to the native protein. 
For soluble factors, e.g. cytokines, the more favourable alternative is 
panning on antigen in solution (e.g. Hawkins et al., 1992; Schier et al., 
1996a, b). For example, the antigen is biotinylated and bound phages are 
selected via capture to streptavidin-coated plates or beads. An important 
prerequisite is to prove that biotinylation of the antigen has no impact on its 
functionality. For cell surface expressed targets, panning on whole cells is 
the method of choice (e.g. Watters et al., 1997; Hoogenboom et al., 1999; 
Huls et al., 1999). Cell surface proteins are often difficult or even impossible 
to purify, the antigen conformation can change significantly during 
purification and immobilisation, or the target proteins have not been 
characterized at all. Panning on cells guarantees that selection is focused on 
biologically relevant epitopes, taking homophilic or heterophilic interactions 
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of the antigen on the cell surface into account. Both, differential cell panning 
with alternating rounds on purified antigen and cell-based antigen as well as 
pure cell pannings have been applied successfully with HuCAL® libraries 
(Marget et al., 2000; Krebs et al., 2001). Cell panning was for example 
employed for the human major histocompatibility class I (HLA class I) allele 
Cw*0602 as an antigen (Marget et al., 2000). Eight different HuCAL®-scFv 
were isolated that recognise native antigen and can be readily used in flow 
cytometry and immunoprecipitation. All scFv fragments are highly specific 
for the defined HLA-I allele, and do not exhibit significant cross-reactivity 
with a panel of different class I alleles. The selected anti-HLA class I 
antibodies can be applied in tissue typing as well as for studies of disease 
association with HLA variants, as for example HLA-C in regulating natural 
killer cell activity in the context of recurrent miscarriages (King et al., 
1996a, b). 

4.1.2 Application example: HuCAL® antibodies against serine 
protease MT-SP1 

The membrane-type serine protease 1 (MT-SP1) is highly expressed in 
many human cancer-derived cell lines and has been implicated in 
extracellular matrix re-modelling, tumour growth, and metastasis (Lin et al., 
1999a, b; Takeuchi et al., 2000; Hooper et al., 2001). Specific reagents 
targeting MT-SP1 could be of great value for diagnosis, prognosis, and 
therapy of cancer. One obstacle in generation of specific inhibitors is the 
omnipresence of proteases in nature comprising approximately 2% of the 
entire human genome (Harris et al., 2000). Similar active site elements 
hamper the generation of inhibitors selective for a particular protease. 

To this end. Sun J. et al. (2003) screened the HuCAL®-scFv library 
against recombinant MT-SP1. To increase stringency of the panning process, 
the serine proteases inhibitor ecotin was added as competitor during washing 
procedure. Five antibody fragments could be selected with K D values in the 
range of 160 pM to 1.8 nM as determined by surface plasmon resonance. In 
vitro potency was determined in inhibition assays with the human MT-SP1 
protease domain resulting in apparent K values from 50 pM to 129 nM. Two 
of the antibodies revealed approximately 800- to 1 500-fold selectivity when 
tested against mouse MT-SP1, which represents the most homologous serine 
protease family member with 86.6% sequence identity. For two scFv 
fragments no inhibition of the murine enzyme could be detected. One of the 
antibodies recognised MT-SP1 on human prostate tissue as well as on 
prostate cancer tissue in immunohistochemical studies. Interestingly, MT- 
SP1 was localized in the lumenal membrane of both normal and tumour 
prostate tissue, but a shedding of MT-SP1 into the lumen was only observed 
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in a metastatic prostate cancer tissue sample. This soluble form of MT-SP1 
might be suited as diagnostic marker for prostate cancer. Overall, highly 
specific and very potent HuCAL® antibody fragments against the cancer 
related human serine protease MT-SP1 were isolated directly from the 
HuCAL®-scFv library, without the need for further affinity engineering 
steps. 



4.1.3 Application example: HuCAL® antibodies against FGFR3 

Human fibroblast growth factor receptor 3 (FGFR3) belongs to a family 
of highly homologous cell surface expressed receptor tyrosine kinases 
(RTKs), which are involved in a multitude of cellular processes including 
cell growth, differentiation, migration, and survival (for review see Klint & 
Claesson-Welsh, 1999; Basilico & Moscatelli, 1992; Naski & Omitz, 1998). 
Pathological disorders such as dwarfism or tumour genesis were linked to 
increased FGFR3 activity (for review see Webster & Donoghue, 1997; 
Burke et al., 1998). The transforming potential of FGFR3 harbouring an 
activating mutation was shown for tumour progression of ectopically 
expressed FGFR3 in NIH3T3 cells and mouse bone marrow cells (Chesi et 
al., 2001; Li et al., 2001). Accordingly, high affinity human antibodies that 
block FGFR3 activity could be of great therapeutic benefit in treating 
FGFR3 mediated skeletal disorders and tumour genesis. 

The HuCAL®-Fab 1 library was challenged with FGFR3 in a differential 
cell panning approach, performing three rounds of panning on immobilised 
recombinant protein alternating with cells expressing FGFR3 
(Rauchenberger et al., 2003). Several HuCAL®-Fab fragments were able to 
specifically inhibit FGFR3-mediated cell proliferation in the presence of the 
ligand FGF9. Some Fab fragments exhibit a monovalent affinity in the sub- 
nanomolar range and IC 5 o values below 20 nM. To our knowledge, these are 
the first monoclonal antibodies against FGFRs having functional blocking 
activity. The HuCAL®-Fab candidates will be further analysed in different in 
vitro and in vivo models to evaluate their therapeutic potential. 

4.1.4 Application example: HuCAL® antibodies against ICAM-1 

The intercellular adhesion molecule 1 (ICAM-1, CD54) is a member of 
the cell adhesion molecules that control interactions between leukocytes and 
vascular endothelial cells during an inflammatory reaction. ICAM-1 is 
expressed on endothelial cells and at moderate levels on a number of cells of 
the immune system, such as activated T- and B-lymphocytes and monocytes 
(Dustin et al., 1986). Expression of ICAM-1 is strongly induced on 
endothelial cells by inflammatory cytokines such as interferon-gamma 
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(IFN-y), interleukin- 1 (IL-1) and tumour necrosis factor alpha (TNF-a) 
(Pober et al., 1986). ICAM-1 plays a crucial role in inflammatory reactions 
mediating leukocyte extravasation by interacting with P2-integrins, mainly 
LFA-1 and Mac-1 on activated leukocytes (Marlin and Springer, 1987; 
Smith et al., 1989; Diamond et al., 1991). In addition, ICAM-1 functions as 
an accessory molecule on antigen presenting cells and delivers a 
co-stimulatory signal to T cells through interaction with LFA-1 (Dougherty 
et al., 1988; Van Seventer et al., 1990). As a key player in inflammation, 
ICAM-1 is a therapeutic target in diseases with inflammatory components, 
such as psoriasis and rheumatoid arthritis. 

HuCAL® libraries were screened against ICAM-1, performing either 
three rounds of panning on immobilised recombinant antigen or alternating 
immobilised ICAM-1 with cells expressing ICAM-1. A range of antibodies 
were generated which specifically recognised ICAM-1 on cells, but had no 
cross-reactivity with the closely related ICAM-2 and ICAM-3 molecules. In 
total, four antibodies were characterised in great detail. Their monovalent 
affinities range from 3 nM to 80 nM, which after conversion into the IgG 
format translate to apparent K D values of 1 to 3 nM. All HuCAL® antibodies 
are able to disrupt ICAM-1 mediated cell adhesion in vitro, as demonstrated 
in two settings. In a first assay, a completely cell-based system was applied 
analysing the monotypic aggregation of lymphoblastoid JY cells, which is 
dependent on the interaction of ICAM-1 and LFA-1 (Rothlein et al., 1986). 
Second, the inhibitory potential of anti-ICAM-1 antibodies was quantified in 
a protein-cell adhesion assay which monitored the adhesion of LFA-1 
expressing T-leukemia cells to immobilised recombinant ICAM-1. IC 50 
values as low as 3 nM were determined. In immunohistochemistry, all 
antibodies stained human tonsil tissue in a pattern expected for ICAM-1, 
demonstrating specific staining of endothelial cells around blood vessels and 
the reticular structure of germinal centres. Cross-reactivity with various non- 
human primates was shown for three antibodies, while one of them reacted 
also with mouse, rat and rabbit, facilitating in vivo studies in various animal 
models. Furthermore, specific IHC-staining of pathogenic tissues with 
elevated ICAM-1 levels could be demonstrated, such as endothelial cells and 
keratinocytes in skin tissue from psoriasis and bum patients. Further 
development of the antibodies in the indications psoriasis and deep dermal 
bum are ongoing. 

4.2 Antibody Optimisation using HuCAL® 

The examples described above prove that antibodies with therapeutic 
potential can be isolated directly from HuCAL® libraries without any 
engineering step. Their affinities are in the low nanomolar to even sub- 
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nanomolar range. However, the unique design of HuCAL® in addition offers 
the option to further optimise selected antibodies with respect to affinity and 
specificity. The following section will describe the principles of HuCAL® 
antibody optimisation and will give an example by outlining the maturation 
of anti-HLA-DR antibodies. 

4.2.1 Optimisation procedure 

Phage display of diverse libraries of antibodies and other proteins has 
been extensively used to engineer molecules for improved affinity and 
specificity, applying a variety of different strategies (reviewed by Barbas & 
Burton, 1996; Rader & Barbas, 1997; Griffiths & Duncan, 1998). 
Methodologies, which direct modifications to the CDRs and leave the 
conserved germline-derived framework regions unchanged, have the great 
advantage of a reduced probability of generating immunogenic antibodies. 
Its unique modular structure renders HuCAL® the ideal basis for regio- 
specific optimisation of CDRs and gives rapid access to human antibodies 
with improved characteristics. The CDRs can easily be exchanged in a 
simple cloning step due to unique flanking restriction sites (Figure 2.6). Pre- 
built CDR cassette libraries are available ready-for-use. The consensus 
frameworks of HuCAL® antibodies are untouched in this process preserving 
the anticipated low immunogenicity of HuCAL® antibodies. By thorough 
analyses of the naturally occurring human CDR sequences, CDR libraries 
were constructed that mimic the CDRs of the natural human antibody 
repertoire, just as the six CDRs of HuCAL® GOLD do. These CDR libraries 
were constructed with MorphoSys' proprietary TRIM technology (see 
section 1.2), ensuring complete control over the amino acid composition and 
avoiding STOP codons. As a result, the CDR libraries are of substantially 
higher quality than using conventional mutagenesis approaches. Extensive 
quality control revealed more than 70 percent correct clones in the cassette 
libraries, resulting in a similar percentage of correct sequences after cloning 
of these cassettes into the parental Fab fragment. 

This simple and efficient “mix & mate } /’’-process permits rapid affinity 
maturation of single HuCAL® antibodies (“lead optimisation”) as well as 
entire pools of pre-selected HuCAL® antibodies (“pool optimisation”). To 
fully exploit the potential of this technology, we routinely apply a sequential 
optimisation of CDRs (“CDR walking”, Yang et al., 1995). Optimised 
binder(s) are used for the construction of a second library wherein a different 
CDR is diversified, and so on. Sequential optimisation takes into account 
that optimal binding may result from the interdependence of antigen binding 
by the different CDRs. The alternative approach is parallel optimisation, 
where different CDRs are optimised independently in parallel and later 
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combined in one antibody fragment. The advantage of a parallel approach is 
clearly the speed to obtain the desired antibody. The obtained affinity 
improvement factors vary considerably and cannot be predicted beforehand 
(Yang et al., 1995; Schier et al., 1996a; Chen et al., 1999). Overall, we have 
very good experience with both optimisation strategies obtaining antibodies 
with significantly improved affinities for all targets tested (examples given 
in Table 2.1). 



& 




Spedfic Binder Diversification of CDRs Optimised Binder 



• Modular design, unique restriction sites flanking all important segments of the antibody 

• Highly diversified affinity maturation cassettes of CDRs 

• Rapid optimisation of affinity and biological activity 

• No amino acid exchanges in frameworks therefore no increased risk of Emmunogenicity of 
optimised antibodies 



Figure 2.6. Antibody Optimisation using HuCAL® 



Table 2.1. Examples of improvement factors and final monovalent affinities of HuCAL® 
antibody optimisation programs. 



Parental Fab 


Affinity improvement factor 


Monovalent 
affinity [nM] 


1 st round 


2 nd round 


Combination of 
improved CDRs 


A 


16 


_* 




0.8 


B 


195 


_* 




0.4 


C 


6 


115 


_* 


3.0 


D 


16 


1627 


_* 


0.03 


E 


2 


9 


14 


0.5 


F 


29 


69 


3100 


0.3 



- = not required 



The generation of high affinity antibodies requires a stringent selection 
procedure. Various methods have been applied to increase stringency, 
including low antigen concentration, increased number of wash cycles, 
competition with excess of soluble antigen, competition with parental 
antibody fragments, and increased temperature (Hawkins et al., 1 992; Schier 
et al., 1996a, b; Low et al., 1996; Yang et al., 1995; Chen et al., 1999). The 
method of choice is dependent on i) the particular type and the available 
amount of antigen, ii) the applied panning procedure, and iii) the affinity of 
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the parental antibody fragment. Due to the uncertainty regarding the highest 
affinity present in the diversified phage antibody library the optimal 
stringency conditions cannot be predicted a priori. Therefore on a regular 
basis, a range of different stringencies is applied in parallel. Alternatively, 
the optimisation protocol can be guided by determining the titre of eluted 
phages or the percentage of binding phages present in the phage eluate. 
Improvement factors in affinity of more than 3000-fold compared to the non- 
optimised parental antibodies could be shown, resulting in Fab fragments 
with monovalent sub-nanomolar to picomolar affinities. Table 2.1 
summarizes some of the HuCAL® antibody optimisations. In all cases, high 
affinity antibodies were generated after up to two rounds of sequential or 
parallel optimisation. For example, one of them (Table 2.1, FabF) showed 
exquisite biological functions but had a rather low monovalent affinity of 
930 nM. In this case, optimisation resulted in a final binder with 3100-fold 
improved monovalent affinity of 300 pM and significantly increased 
biological activity. In another example, the parent Fab (Table 2.1, Fab A) 
already exhibited a good monovalent affinity of 13 nM. In just one round of 
maturation, the affinity was further improved by a factor of 16 reaching 
800 pM in the Fab format. It could be shown that the increased affinity 
correlated with improved efficacy: IC50 values were 1 1 nM for the parental 
Fab, and about 1 nM after optimisation. In the following section the 
optimisation of anti-HLA-DR antibodies is described in more detail. 

4.2.2 Application example: Optimisation of anti-HLA-DR 
antibodies 

Anti-MHC II antibodies are of great value as therapeutic agents for the 
treatment of lymphoma/leukemia. Several MHC-II specific murine 
monoclonal antibodies have been shown to induce programmed death of 
MHC class II positive tumour cells (Vaickus et al., 1989; Newell et al., 
1993; Truman et al., 1994; Vidovic & Toral, 1998), and demonstrated 
efficacy and specific tumour killing in in vivo mouse lymphoma models 
(Bridges et al., 1987). In order to generate fully human antibodies with 
similar biological activity, HuCAL® was screened against the human 
leukocyte antigen-DR (HLA-DR) (Nagy et al., 2002). A protein solid-phase 
panning with purified HLA-DR molecules was performed as well as a 
differential cell panning with purified HLA-DR molecules and cells 
expressing HLA-DR. Twelve specific antibody fragments were obtained, 
four of which exhibited strong tumour killing activity, when dimerised via 
cross-linking with an antibody directed against a specific tag at the Fab. The 
monovalent fragments were not tumouricidal, confirming earlier 
observations by Vidovic et al. (1995). Four antibodies with the desired 
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biological activity had modest affinities and were subjected to two sequential 
rounds of affinity maturation. In the first round of optimisation, the L- 
CDR3 -sequences were diversified. The four libraries (one for each selected 
antibody) were kept separate and were subjected to either two rounds of 
standard solid-phase-panning, or one round of solid-phase panning on 
purified HLA-DR molecules followed by whole-cell panning on cells 
expressing HLA-DR. The best Fab candidate was improved by a factor of 
six compared to its parental Fab reaching a monovalent Kd of 59 nM. In the 
second round of affinity maturation, optimisation of L-CDR1 was 
performed. Prolonged wash cycles and addition of competing antigen led to 
the selection of several Fab fragments with affinities in the range of 3 nM. 
Finally, the best candidates were converted into IgG4 antibodies exhibiting 
sub-nanomolar functional affinities while preserving specificity. The 
optimised anti-HLA-DR antibody has potent killing activity against a series 
of lymphoma and leukemia cell lines and against samples from chronic 
lymphocytic leukemia patients in vitro, while normal resting lymphocytes 
are not affected. Cell death occurs without the need for additional 
immunological effector mechanisms or toxin conjugation. In addition, in 
vivo efficacy could be shown in animal models of non-Hodgkin’s 
lymphoma, Hodgkin’s lymphoma, multiple myeloma, and haiiy cell 
leukemia (Nagy et al., 2002; www.gpc-ag.coml . 



5. SUMMARY 

This article describes the Human Combinatorial Antibody Library 
(HuCAL®) technology and demonstrates its versatility for target research 
and therapeutic applications. HuCAL® offers the advantages to generate a 
variety of highly specific and fully human monoclonal antibodies against 
any antigen of choice, even toxic or conserved ones. Since it is an in vitro 
technology, based on phage display, selection conditions can be adjusted at 
will. The antigen can be presented as isolated molecule or on the surface of 
cells, and automated high-throughput procedures for antibody generation and 
production have been set up (AutoCAL™). The modular design of the 
HuCAL® antibody genes and expression vectors allows the straightforward 
conversion of selected antibodies into various formats and isotypes, without 
changing the parental sequences. If required, systematic and rapid antibody 
engineering facilitates further antibody optimisation. This process is 
restricted to the CDRs, while the consensus frameworks, which are very 
close or even identical to human germline sequences remain untouched. 
HuCAL® technologies not only provide the method of choice for antibody 
generation facilitated by the novel CysDisplay™ technology, they also offer 
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the high-throughput production of EST-encoded polypeptides (HuCAL®- 
EST) serving as antigens. Moreover, for the selection of the lead antibody 
candidates, efficient screening and validation methods have been 
established, such as high-throughput affinity ranking, immunohistochemistry 
and a variety of functional assays. HuCAL® therefore facilitates a seamless 
transition from target validation and drug discovery to the development of 
therapeutic antibodies. 
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1. INTRODUCTION 



Glycosylation is the most extensive and variable of mammalian post- 
translational modifications with profound implications for folding, stability, 
pharmacokinetics, antigenicity and biological activity of proteins. In the last 
several decades, improvements in the technology for analyzing protein 
glycosylation and measuring its biological effects have revolutionized the 
discipline of “glycobiology”. Thus, extremely subtle alterations in 
glycoproteins can now be detected, and appropriate modifications brought 
about which were nearly impossible 20 years ago. 

The technology of glycosylation is most relevant to investigators who 
intend to use antibodies in vivo, either in humans or in animal protocols. 
Antibody molecules belong to the immunoglobulin family, a majority of 
which are glycoproteins. Therefore, for those who need to perform 
procedures requiring the binding of mAbs to target proteins or Fc-receptors, 
absolute fidelity in the reconstruction of glycosylation pattern is essential. 
With the number of antibodies in clinical use steadily increasing, the 
biological significance of antibody glycosylation has gained importance for 
the biotechnology industry. Furthermore, the growing demand for antibody 
therapeutics is driving the need to expand capacity, with its attendant risks to 
fidelity of glycosylation, as the industry moves products from the level of 
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research production to large scale (grams to kilograms) capacity, and 
eventually hundreds of kilograms. 



2. GLYCOSYLATION OF IMMUNOGLOBULIN 

MOLECULES AND ITS EFFECT ON ANTIBODY 
FUNCTION 



2.1 Technology for the detection of glycosylation 

The technology for complex carbohydrate analysis has been reviewed by 
Jenkins and Curling (1994), who stress that dramatic technical 
improvements now make continuous monitoring of glycosylation changes a 
reality. Rapid and highly sensitive analytical methods allow glycan 
structures to be determined in 1 or 2 days, and offer the possibility of 
monitoring carbohydrate changes in real time during fermentation. Mass 
spectrometry has made definitive structural analysis feasible within days of 
sampling, with obvious implications for regulatory authorities concerned 
with glycoprotein batch consistency. 

2.1.1 Electrophoretic separations 

Basic information concerning the presence or the absence of glycans has 
traditionally been obtained through electrophoretic techniques such as SDS- 
PAGE. This approach exploits a combination of commercially available 
polyacrylamide gels, endo- and exoglycosidase treatment, and "western" or 
dot blots employing specific lectins as detection agents. However, care must 
be taken to perform the analysis on highly glycosylated protein to avoid 
confounding the procedure with substantial smearing of electrophoretic 
bands. 

Poor resolution is particularly a problem when analyzing products 
secreted into serum-based media or from intracellular components recovered 
from cell lysates. Gel analysis detects variable N-glycosylation and often site 
occupancy, but has limited value for detecting microheterogeneity of 
oligosacchride chains. Also, the negative charges due to sialic acid residues 
on many glycan structures may result in inaccurate mass assignments 
deduced from migration on SDS-PAGE gels. Similar shortcomings apply to 
isoelectric focusing for addressing gross heterogeneity in different batches of 
product (Jenkins and Curling, 1994). 

Capillary electrophoresis (Koyama, et al, 2003) is an alternative new 
technology with its use of narrow bore capillaries to perform separations and 
high voltage to generate electro-osmotic and electrophoretic flow of buffer 
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solutions and ionic species. It can be adapted to run in various modes (e.g. 
zone electrophoresis, isoelectric focusing, isotachophoresis, or micellar 
electrokinetic chromatography), providing a wide spectrum of analytical 
capabilities for resolving glycoproteins and glycopeptides. Capillary 
electrophoresis requires only small amount of samples, and glycoforms can 
be quantified by integrating the peaks detected by the UV or fluorescence 
detection. 

Fluorophore-assisted carbohydrate electrophoresis (Robbe, et al, 2003) is 
an alternative approach to analyse glycoproteins, in which the total glycan 
moiety is released in a single step. The generated oligosaccharides are 
derivatized either with a hydrophobic fluorophore, and the resulting 
fluorescent derivatives separated by high-resolution gel electrophoresis. 
AMAC derivatization allows a separation of neutral and charged 
oligosaccharides without prior fractionation. Analysis of the products by 
mass spectrometry allows the rapid structural characterization of each glycan 
in terms of monosaccharide composition and sequence. This technique is 
accurate for screening heterogeneous glycan mixtures down to the picomolar 
range. 



2.1.2 Chromatography 

More precise structural analysis requires the cleavage of the glycoprotein 
molecule into smaller components, through proteolytic digestion and 
chromatographic resolution to generate glycopeptides, or to chemically 
degrade the peptide backbone. Analytic approaches achieved by generating 
glycopeptides are becoming increasingly important as more products are 
shown to exhibit clear differences between individual glycosylation sites on 
the same protein. However, glycosylation profiles may influence the 
efficiency of proteolytic digestion, leading to distortions in quantifying the 
relative amount of glycoforms within each glycoprotein. 

Glycopeptides are commonly resolved from other peptides using reverse- 
phase high performance liquid chromatography (Rabina, et al, 2001). The 
oligosaccharides can then be removed from the peptide using the enzyme 
peptide N-glycosidase F (PNGaseF). This enzyme cleaves most common 
mammalian N-linked oligosaccharides. Additionally, hydrazinolysis has 
become an alternative method for releasing both N- and O-linked glycans, 
whose profiles could be obtained by high pH anion exchange 
chromatography with pulsed amperometric detection (HPAEC-PAD) or by 
other chromatographic and electrophoretic methods. Neutral 

monosaccharides, amino sugars, and charged sugars can be analyzed using 
HPAEC-PAD with sensitivity in the picomolar range. These techniques 
along with exoglycosidase digestion and mass spectral characterization 
confirm the structures of various oligosaccharides. 
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High performance liquid chromatography combined with electrospray 
ionization mass spectrometry is an elegant tool for resolving 
oligosaccharides of great complexity. Wang, et al. (2003) analysed a murine 
IgM by this method, determining that 5 N-glycosylation sites possessed a 
wealth of diverse glycosylation patterns, up to 20 residues in some cases, 
including complex and hybrid type oligosaccharides. 

2.1.3 Nuclear magnetic resonance (NMR) 

NMR technology, widely applied today in structural analysis (Rudisser 
and Jahnke, 2002), allows the determination of unambiguous structures of 
oligosaccharides derived from glycoproteins. A one dimensional 'H-NMR 
spectrum can be used as a fingerprint to identify a specific glycan structure 
by comparing it to a database of NMR spectra. This widely used method 
requires only about 50 nmol of material, while more sophisticated forms of 
NMR, using multi dimension and dipolar corrections, used to determine 
specific linkages between saccharide units, require considerably more 
sample. 



2.1.4 Mass spectrometry 

Fast atom bombardment mass spectrometry (FAB-MS), used to deduce 
glycan structures of a number of glycoproteins (Silverman, et al, 2003), 
requires a relatively large amount of pure sample. Its exceptional mass 
accuracy can be used to obtain semi-quantitative data on the degree of 
glycan occupancy at specific glycosylation sites within a particular 
glycoprotein. This is possible because glycan-substituted Asn residues are 
converted to Asp residues when cleaved by PNGaseF, resulting in a mass 
increase of IDa compared to an unoccupied site. This type of analysis allows 
monitoring of the glycan occupancy status of individual N-glycosylation 
sites. 

Alternatives to FAB-MS include electrospray ionization mass 
spectrometry (ES-MS) and/or matrix assisted laser desorption ionization 
time-of-flight mass spectrometry (MALDI-TOF-MS) techniques. The mass 
accuracy of this techniques is between 0.05-0.1%. ES-MS has the added 
advantage that it can be coupled directly to either CE or HPLC separation of 
glycoforms and released oligosaccharides. MALDI-TOF-MS instruments 
have become affordable to many more laboratories than FAB-MS. No 
derivatization of sample is required to obtain good glycan structural data on 
small amounts of protein. Even in the presence of small amounts of salts 
derived from buffer solutions there is no interfere with the procedure. 
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2.2 Types of glycosylated structures occurring in 
proteins 

The effect of antibody glycosylation on biological function is pivotal for 
the biotechnology industry, as -70% of subjects undergoing clinical 
development for therapeutic applications are antibodies (Jefferis and Lund, 
1997). Oligosaccharides are essential for activation of effector functions 
leading to the destruction of pathogens. While the biological activity of some 
therapeutic glycoproteins (other than immunoglobulins) may not be 
dependent on glycosylation, the stability, pharmacokinetics, and antigenicity 
are altered by removal of the carbohydrate residues, with obvious 
implications for the pharmacological functions of these molecules. 






IgM 

Figure 3.1. Glycosylation of the constant regions of the IgA, IgG and IgM molecules (small, 
dark spheres) From Das and Morrow (2002). 
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2.2.1 Glycosylation of the constant region of the antibody molecule 

Antibodies contain 3-12% carbohydrates at conserved N-glycosylation 
sites located in the constant region of the heavy chains (Leibiger, et al., 
1999). The Fc glycosylation site, a constant feature for all mammalian IgGs, 
occurs at a homologous position in human IgM, IgD and IgE molecules but 
not in IgA. Human IgM, IgA, IgE and IgD molecules bear additional N- 
linked oligosaccharide moieties attached to the constant domains of the 
heavy chains. IgD and IgA proteins also bear multiple O-linked sugars in 
their extended hinge regions, attached to hydroxyl groups of serine and/or 
threonine residues (see Figure 3.1). It has been estimated that ~30% of IgG 
molecules also contain N-glycosylation in the Fab region. 

The Fc region of IgG molecule contains N-linked oligosaccharides at 
Asn297 on the p-4 bend of the inner (Fx) Ch 2 domain face. This complex 
biantenary structure has a pentasaccharide ‘core’ (Man3GlcNAc2) and 
variable sugar residues, such as fucose, bisecting N-acetylglucosamine, 
galactose and sialic acid residues (Figure 3.2). This variability imparts a 
large repertoire of possibilities; moreover, glycosylation can be asymmetric 
allowing different oligosaccharide chains attached at each of the Asn297 
residues. This results in a cornucopia of glycoforms; a total of 
(36*36)72=648 structurally unique IgG molecules can occur. 
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Figure 3.2. Varieties of glycosylation patterns. 
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While the heavy chain synthesized within a single antibody-secreting cell 
will not vary in its amino acid sequence (except with the C-terminal Lys 
content), glycosylation can result in the production of many different 
molecules within a single cell. The total number of combination was divided 
by two because of the two-fold symmetry of the molecule. All 
oligosaccharide species are encountered, with the exception of disialylated 
oligosaccharides, which may be absent or present at a very low level. The 
presence of additional glycosylation sites within the heavy chains of the 
other Ig isotypes means that the possible number of glycoforms is greatly 
expanded [Umana, et al., 1999; Lifely, et al., 1995]. 

2.2.2 Glycosylation within the variable region 

IgG antibodies are usually not glycosylated in their variable regions 
(Leibiger, et al., 1999). However, in cases in which glycosylation does 
occur, low affinity antibodies might be enhanced in their binding by 
carbohydrate-induced conformational changes. Glycosylation in Fab regions 
is due to the presence of potential N-glycosylation sequence within either the 
Vl or Vh domains. DNA sequences of 83 human germline V H gene segments 
produced five sequences that encoded potential N-glycosylation sites. 
However, none of these sequons were observed in 37 V H protein sequences 
that were subjected to detailed analysis. The question of whether the 
germline gene from which these proteins were derived did encode a 
glycosylation sequon was not investigated. Fifteen of the 37 protein 
sequences did show potential glycosylation sequons which, it would appear, 
have resulted from somatic mutation and antigen selection [Jefferis and 
Lund, 1997]. 

Oligosaccharides in the variable region can affect antibody 
performance, as shown by a monoclonal murine anti-dextran antibody with 
a single oligosaccharide attachment site at residues 54, 58 or 60 in 
complementarity-determining region 2 (CDR2) which possessed dissimilar 
antigen-binding activities [Monica, et al, 1995]. The IgG glycans 
present in the F c are (Dwek et al.,1995) mainly three types of complex 
biantennary oligosaccharides containing zero, one, or two galactose 
residues on their outer arms, commonly known as GO, Gl, and G2, 
respectively (Figure 3.2). Within each class, there are four species that 
result from the presence or absence of core fucose and/or “bisecting” 
GlcNAc residues. Further heterogeneity arises as a result of sialylation of 
some terminal galactose residues. IgG’s contains an average of 2.4 glycans 
(Youings et al., 1996), of which 2 are conserved at Asn 297 in the CH2 
domain of the Fc region. These site-specific glycosylations demonstrate 
their complex role and the many levels at which immunoregulation can 
occur. 
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The additional oligosaccharides are located in the hypervariable regions in 
the Fab. The glycosylation of IgG Fc is important both in its normal 
physiological role and in certain disease pathologies (Wormald, et al, 1997). 

2.2.3 Physico-chemical effect of antibody glycosylation 

Biophysical studies have suggested that the Fc oligosaccharides have the 
same dynamic properties as the Ch 2 domains. In contrast. X-ray 
crystallographic studies of mouse IgG Fab show only poorly defined 
electron density at the N-glycosylation site (Stanfield et al., 1990), indicating 
oligosaccharide mobility or disorder within the crystal structure. Electron 
spin resonance spin labeling studies on IgM Fab and intact IgM (Lapuk et 
al., 1984) have shown the A-glycans to have a much higher degree of 
mobility than the peptide. Structural investigation of the differences between 
IgG glycoforms has so far been limited to circular dichroism studies of 
normal and rheumatoid IgG. Differences between the circular dichroism 
spectra of intact normal and rheumatoid IgG have been interpreted in terms 
of a structural anomaly in the hinge region of rheumatoid IgG (Johnson et 
al., 1974), while circular dichroism studies on immune complexes from 
rheumatoid patients have suggested that only a portion of rheumatoid IgG 
contains these unusual structural determinants (Uesson & Hansson, 1982). 

2.3 Enzymatic reactions responsible for glycosylation 

Addition of glycosyl residues to protein is brought about by co-translation 
of preformed mannose glucose and iV-acetylglucosamine from a dolichol 
intermediate to the growing polypeptide chain. The terminal glucoses are 
bound by the chaperone calnexin and must be removed to allow transit 
through the endoplasmic reticulum (see Figure 3.3). Normal human serum 
IgG displays a cornucopia of diversity, yielding up to thirty different 
structures (Rudd et al, 1991) resulting from variation in core substitution of 
fucose and/or bisecting TV-acetylglucosamine (GlcNAc) and in processing of 
the outer arms of the biantennary sugar. Mouse cells can add an additional 
terminal galactose with a novel alpha 1,3 linkage. This residue might be 
immunogenic in humans and over 1% of serum IgG is directed against the 
Gal alpha 1,3-Gal beta 1,4-GlcNAc epitope, possibly as a consequence of its 
presence on enteric bacteria. Hamedah et al., (1996) demonstrated that an 
acellular Klebsiella pneumoniae sonicate could add 3 H-UDP-Gal to human 
RBCs. 

CHO cells as well as human, ape, and Old World monkey cells lack the 
enzyme required to attach the alpha 1 ,3 galactosyl structure (Borrebaeck et 
al., 1993). 
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3. IMPLICATIONS OF GLYCOSYLATION FOR 
LARGE SCALE PRODUCTION OF ANTIBODY 
MOLECULES 

Progress in understanding the effect of glycosylation was limited until 
recently largely due to the complexity of methods used for the analysis of 
oligosaccharides. Bernstein (1987) reviewed glycosylation of plasma 
proteins, and cited a wide range of assay methods available at that time, with 
affinity chromatography, isoelectric focusing, and spectrophotometric tools 
providing the best accuracy and versatility. Since then, improvements in 
technology make it possible to detect subtle changes occurring through 
different production methods and place greater burden on the biotechnology 
industry to produce glycoprotein therapeutics in a consistent manner during 
the course of upscaling to industrial volumes. 




Figure 3.3. Processing pathway of oligosaccharides to a complex biantennary form (From 
Yoo, et al., 2002). Symbols: glucose (A); mannose (O); A'-acetylglucosamine (H); fucose (A 
); galactose (0); sialic acid (■) 

3.1 Glycosylation of antibodies generated in mouse 
ascites. 

Glycosylation, a complex post-translational event, can be influenced by a 
variety of factors such as culture conditions, medium supplements and 
purification procedures. Thus, in vitro methods enable the desired 
glycosylation structure to be obtained by making an appropriate choice of 
these factors. For example, mAbs with a glycosylation pattern of the 
biantennary complex oligosaccharide type are often favored. While this goal 
can be easily achieved in hollow fibre bioreactors, antibodies produced by 




62 



X. K. Deng, T. Shantha Raju and John Morrow Jr. 



the ascites method cannot be influenced by their glycosylation pattern, which 
may vary from mouse to mouse. 

Production of ascites in mice for therapeutic purposes is not appropriate 
as it does not provide the necessary fidelity of glycosylation patterns for 
introduction into patients. Nonetheless, for non-therapeutic applications, 
ascites preparations are still in wide use. The in vivo procedures entail the 
use of mice or rats (Marx, 1998), injected with hybridoma cells, which then 
multiply in the peritoneal cavity, forming ascitic fluid, a rich source of the 
secreted antibody. The main advantage of this strategy is the extremely high 
yield of antibody, approximately in the range of l-20mg/ml. However, there 
are a number of disadvantages, including the ethical issues involved in 
developing ascites tumors and the reduced immunoreactivity of antibodies 
(around 60-70%) due to contamination with cytokines and other circulating 
proteins. 



3.2 Glycosylation of antibodies produced by in vitro cell 
culture methods 

Hormones, culture method, age of the culture, pH, buffers and serum 
components can all affect glycosylation patterns. Biosynthesis of 
oligosaccharides is a multistep process and numerous enzymes are involved, 
including glycosyltransferases and glycosidases (Hiatt, 1992). These 
enzymes are often competing with each other for a single substrate, with the 
result that the products are a microheterogeneous array of glycoproteins with 
frequently truncated terminal Gal and GlcNAc residues along with sialic 
acid (Sia) residues. 

3.2.1 Mammalian cell culture parameters affecting glycosylation 

There are differences in glycosylation between human and rodent cells. 
Bisecting GlcNAc residues are present in -10-20% of human IgGs but CHO 
cells lack the GnT-III enzyme required for its addition. Another striking 
difference between human and rodent cells is the form of sialic acid utilized; 
25% of oligosaccharides of human IgG have terminal N-acetylneuraminic 
acid while N-glycolyneuraminic acid occurs in mice. Chimeric 
mouse/human IgG3 may contain both (Borys, et al., 1994). 

Culture conditions may produce IgGs that are glycosylated at positions 
different from those obtained in mouse ascites fluid. For example, an IgG 
has been found to contain unusual mannose moieties at all glycosylation 
sites under certain culture conditions. This antibody has an increased 
clearance rate in vivo because of its binding to the mannose receptors in the 
liver. Many mammalian cell lines have been used to express recombinant 
proteins because they have the ability to carry out normal post-translational 
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modifications. Myeloma expression systems producing genetically 
engineered Abs have been used successfully for a variety of diagnostic, 
imaging and therapeutic applications. 

Myeloma cell lines are easy to grow in suspension culture and are 
adaptable for large-scale production (Yoo et al, 2002). The availability of a 
variety of commercial serum-free media for production of therapeutic Mabs 
is another major advantage of this system. The most commonly used cell 
lines are P3X63Ag8.653, Sp2/0-Agl4 and NSO/1, all of which derived from 
the mineral oil-induced plasmacytomas developed many years ago by Potter 
at NIH (Potter and Lieberman, 1970). Most IgG molecules produced by 
normal human B lymphocytes possess a bisecting GlcNAc residue $1-4 
linked to the central $-linked mannose of the Man3 core structure. Bisecting 
GlcNAc has been shown to enhance the ability of IgG to mediate antigen 
dependent cellular cytotoxicity. But these bisecting GlcNAc moieties are 
rarely seen in IgG’s produced in myeloma cells. There are other 
heterogeneities between human glycan and mouse glycan, most of them 
occurring in terminal residues. For example TV-glycolylneuramic acid 
(NeuGc), a derivative of A-acetylneuraminic acid (NeuAc), is an oncofetal 
antigen. Antibodies from mouse or human-mouse hybridomas contain more 
NeuGc than NeuAc (Monica, et al, 1995), although it is not usually 
encountered in adult humans. 

Glycosylation in these cell lines always follow that pattern characteristic 
of the mouse, rather than the human parental line (Monica et al., 1995). They 
lack bisecting N-acetylglucosamine, and exhibit lower sialylation and 
galactosylation, some are oligomannose type or monoantennary complex- 
type and some contain N-glycolylneuraminic acid and additional a galactose 
residues not present in human IgG (Lund et al, 1993: Jefferis et al., 1992). 
Different cell lines may add different terminal sugar residues to the antibody 
molecule. For example hybridomas and mouse-human heterohybridomas 
synthesize glycans terminating in Gal alpha 1,3-Gal beta 1,4-GlcNAc 
(Borrebaeck, 1993). But other rodent lines such as mouse NSO or rat Y3 
myelomas producing humanized Abs do not add Gal alpha 1,3-Gal beta 1,4- 
GlcNAc (Lifely et al., 1995). CHO cells perform glycosylation steps in a 
fashion comparable to human cells, and are therefore favored for production 
of therapeutic proteins. 

The glycosylation profiles from antibodies produced in NSO cells are very 
similar to that from CHO. However further analysis after exoglycosidase 
treatment suggested underglycosylation. The difference in glycosylation of 
the various antibody preparations did not affect their ability to bind to the 
CD52 antigen. Antibodies produced by the YO cell line showed increased 
ADCC activity compared to CHO antibodies, possibly due to the presence of 
bisecting GlcNAc in the YO antibody. By contrast, no difference was found 
between the antibodies in their performance in the monocyte killing assay. 
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These results suggest that major differences in antibody glycosylation occur 
between cell lines and growth under different culture conditions. 

But program designers may find themselves in a “Catch 22” situation, 
since when the culture conditions are optimized to maximize yield, the CHO 
cells often encounter difficulties with the whole glycosylation process and 
generate truncated oligosaccharide chains instead of branched chains with 
several sugar moieties. Manipulations such as addition of butyrate cause an 
increase in cell growth rate but can lead to the induction of certain 
glycosyltransferases thereby altering the sequence of the carbohydrate 
structures (Nakao, et al. 1990). The addition of butyrate induced the activity 
of core-2-GlcNActransferase of the O-glycosylation pathway therefore 
reduced the amount of a 2, 6-sialic acid (Shah et al., 1992). 

Further, CHO cells are known to lack the functional enzyme a 2, 6- 
sialytransferase, leading to exclusively a 2,3 terminal sialic acid residues 
(Lee et al., 1989). Most mouse cell lines possess both functional a 2,3- and a 
2,6- sialytransferases, a property they share with human cells. But they also 
express the alpha 1,3- galactosyltransferase which might be immunogenic to 
humans. 

Finally, expression in a human cell line does not guarantee a reproducible 
glycosylation profile. This is because glycosylation changes with the culture 
conditions and also with the cell age. 

3.2.2 Effect of varying culture conditions 

Different culture conditions also influence the structure of the N-linked 
oligosaccharides. Most comparisons of the glycosylation profiles resulting 
from different methods of cell culture have been made on hybridoma- 
produced immunoglobulins. A monoclonal IgGi was produced by the murine 
hybridoma 3.8.6 as ascites, in serum free medium and in serum 
supplemented medium (Patel et al 1992). The ascites-derived material 
contained no sialic acid residues while the serum-free material contained the 
highest sialic acid content. Antibodies derived from serum containing media 
had an intermediate sialic acid content and a lower amount of outer arm 
galactosylation than the other two preparations. 

Kumpel et al (1994) described the glycosylation of human IgG 
monoclonal anti-D (the Rh factor responsible for newborn hemolytic 
anemia) produced by EBV-transformed B-lymphoblastoid cells. The Mab 
was produced in serum free medium in low density static culture and also at 
high density in a hollow fiber bioreactor. The low density Mab contained 
>70% digalactosylated structures. The high density Mab, by contrast, 
contained relatively high levels (over 50%) of monogalactosyl 
oligosaccharides. The low density-generated Mab was more active than the 
high density form in monocyte and K cell mediated lysis of erythrocytes in 
antigen dependent cell cytotoxicity assays. This is due to the difference in 
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level of terminal galactoses between Mabs produced under the two different 
sets of conditions. These results suggest that the low and high-density 
culture conditions affect the glycosylation of antibodies, possibly due to the 
presence of cytokines in the high density medium. 

In support of this contention, addition of IL6 to the medium reduced the 
N-acetylglucosaminyltransferase-III ( GnT-III) activity in myeloma cell 
cultures but increased GnT-IV and GnT-V activity, leading to altered 
glycosylation profiles. It has been observed that during the process of cell 
adaption from suspension to serum free medium, endogenous 
fucosyltransferase could be activated resulting in the expression of the 
oncofetal antigen, sialylated Lewis-x. The sialylation differences occurred 
between low and high density Mab. The overall outcome was that the high 
density glycosylation profiles and functional activity were more similar to 
normal serum IgG. 

It was also shown that antibodies produced by hybridomas grown in 
serum containing medium generated a higher proportions of terminal 
galactose residues than those grown in protein free medium. Further, the 
different culture conditions used in this study resulted in less significant 
effects on CHO antibody glycosylation compared with the other two cell 
lines. 

Glucose concentrations have been found to affect the degree of 
glycosylation of Mabs produced by human hybridomas in batch culture. 
Such changes may be due to limiting glucose. In a study of glucose 
concentrations in the medium. In the study of limited chemostat cultures, the 
cells grow at low rates and produce increased levels of nonglycosylated 
interferon (Hayter, et al, 1993). Addition of glucose leads to a rapid 
improvement in the proportion of fully glycosylated product and also 
increased the cell growth. Once the glucose injection was stopped, the 
glycosylation decreased as before. Therefore, cell culture conditions can 
influence both the extent and type of the carbohydrate on antibodies 
produced in myeloma cell lines (Jenkins et al, 1996). 

Other factors affecting glycosylation include oxygen concentration 
(Kunkel, et al., 2000). Murine hybridoma cells were grown in serum free 
continuous culture at steady state dissolved oxygen concentrations of 10%, 
50%, and 100% of air saturation in both LH series 210 (LH) and New 
Brunswick scientific (NBS) Celligen Bioreactors. The lower dissolved 
oxygen reduced the level of galactosylation. Higher level of sialylation of 
Mab glycans in the NBS bioreactor than in the LH bioreactors occurred at all 
three concentrations. These results indicates that normally identical steady 
state condition in different chemostat bioreactors may still lead to some 
differences in glycosylation, possibly due to the particular architectures of 
the bioreactors and the design of their respective monitoring and control 
systems. 
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Immunoglobulin types produced under different methods have also been 
investigated by Gauny et al (1991). These workers demonstrated that human 
monoclonal IgM produced by a human-human-mouse trioma in cell culture 
had a more rapid clearance rate than the same antibody made in mouse 
ascites. Monica et al (1993) compared the biochemical characterization of 
human IgG produced in both ascites and in vitro cell culture and found 
notable differences in the distribution of common structures in the two 
HPAE-PAD maps. Further, reverse phase peptide maps of tryptic digests of 
the ascites and cell culture IgM show significant differences. 

Other physical parameters of cell culture affecting glycosylation profiles 
include pH levels outside the range of 6.9 to 8.2, which increases 
underglycosylation, and high ammonium ion which may affect the 
sialyltransferases activity present in the Golgi thus resulting in reduced sialic 
acids residues in G-CSF (Anderson, et al., 1994). Increased ammonium ion 
also reduced the extent of recombinant placental lactogen N-glycosylation 
by CHO cells, but this was dependent on the pH (Boiys, 1994). 

Schenerman et al (1999) carried out extensive biochemical and functional 
testing of a humanized monoclonal antibody (Synagis) to evaluate cell line 
stability, support process validation, and to demonstrate "comparability" 
during the course of process development. Results showed that there was a 
different pattern of glycosylation during the early stages of bioreactor 
culture. No other changes in microheterogeneity were apparent for the other 
culture conditions studied. Samples taken from the production bioreactor on 
days 5, 1 1 and 18 were based on a typical 18-22-day cell culture production 
process. As the harvest time impacted the final oligosaccharide profile, it 
was vital to maintain in-process controls and specifications to assure the 
consistency of product. It appears that upscaling can be controlled to retain 
comparable glycosylation, resulting in a predictable and reproducible 
monoclonal antibody product. 

3.3 Bacteria 

Bacteria lack much of the complex and variable glycosylation 
mechanisms of eukaryotes. Although N-linked protein glycosylation is the 
most abundant posttranslational modification of secretory proteins in 
eukaryotes, bacterial expression systems have limited capacity to glycosylate 
proteins as shown by recent studies in E. coli and other species. Wacker, et 
al (2002) found an N-linked glycosylation system in the bacterium 
Campylobacter jejuni and transferred it into Escherichia coli. The bacterial 
N-glycan differs structurally from its eukaryotic counterparts, but the authors 
suggest that it could function as a universal N-linked glycosylation cassette 
in E. coli for research and industrial applications. 
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E. coli contains its own endogenous glycosylation capability. A novel 
glycoprotein has been isolated and purified from the non-pathogenic strain 
of this organism (Kumar et al., 2003). This glycoprotein, Gp45, was isolated 
with sodium deoxycholate and further purified on DEAE-Sephadex A-25 to 
homogeneity. It contained 60% carbohydrate and 40% protein. 

Although other bacterial strains such as Neisseria meningitis have 
recently been shown to O-glycosylate certain of their endogenous proteins, 
the trisaccharide added is different from the O-linked sugars found in 
eukaryotes (Jenkins, et al, 1996). Hamadeh, et al (1996) characterized alpha 

1.3 galactosyltransferases (alpha 1,3 GT) from Klebsiella, finding at least 
four galactosyltransferases that can add an alpha Gal to human cell surface 
acceptor structures. These enzymes can form alpha 1,3 Gal structures on 
human red blood corpuscles that bind anti-Gal, creating "autoimmune" 
senescence-associated RBC epitopes and possibly contributing to senescence 
in humans. 

3.4 Yeast 

Jenkins et al (1996) have explored yeast systems for the production of 
glycosylated recombinant antibodies. The hypermannosylation (addition of a 
large number of mannose residues to the trimannosyl core oligosaccharide) 
is a common property of most yeast strains and can compromise the efficacy 
of recombinant proteins such as the hepatitis B vaccine. This can be 
prevented by expressing the polypeptide in mutant yeast strains such as mm- 
9 or the temperature-sensitive ngd-29 in which N- glycosylation is confined 
to core oligosaccharide residues with a limited mannose content (up to 
Man8GlcNAc). This strategy has been adopted for more effective vaccine 
production. There is also evidence to suggest that different O-glycosylation 
sites are used by yeast and mammalian cells. 

3.5 Glycosylation in transgenic plants 

Although tobacco is the traditional tool for foreign DNA introduction, 
many laboratories have perfected transfection techniques for common crop 
plants such as com, soybean, alfalfa and rice (Hein et al., 1991). Hiatt et al 
(1992) reported the use of tobacco to synthesize antibodies that could protect 
against caries-causing bacteria when added to toothpaste. 

Zeitlin et al (1998) have genetically engineered soybeans to produce a 
humanized monoclonal antibody for the development of a method of 
mucosal immunoprotection against sexually transmitted diseases. They 
compared a humanized anti-herpes simplex virus 2 (HSV-2) Mab expressed 
in mammalian cell culture with the same antibody expressed in soybeans. 
These Mabs were similar in their stability in human semen and cervical 
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mucus over 24 h, their ability to diffuse in human cervical mucus, and their 
efficacy for prevention of vaginal HSV-2 infection in the mouse. 

Hiatt (1992) reviewed the performance of antibodies expressed in plants, 
focusing on the IgG and alternative forms of immunoglobulin. In terms of 
lectin binding "plantibodies" act differently than the same antibodies 
generated in mouse ascites. Both heavy chain were bound by concanavalin A 
(specific for mannose and glucose binding). But the ascites-produced heavy 
chain was also recognized by ricinus communis (specific for terminal 
galactose) and wheat germ agglutinin (A-acetylglucosamine and terminal 
sialic acid). This finding indicates that plant glycans have different terminal 
sugar residues, an observation consistent with the absence of N-acetyl 
neuraminic acid in the plant systems. 

Plant glycans were found to be resistant to endoglycosidase H, a property 
of complex carbohydrates processed in the Golgi apparatus. This finding 
indicates that the transgenic plant antibody is processed in a similar fashion 
to mammalian glycoprotein. In addition both glycans have approximately the 
same affinity for Con A since they were not distinguishable by competition 
with a-methyl mannoside. Das and Morrow (2002) summarized the work 
with plantibodies and other high quality engineered proteins in transgenic 
plants. Plant glycoproteins containing beta-linked xylose sugars may be 
immunogenic (see Figure 3.4), since they are recognized by IgE and could 
stimulate an allergenic response in humans. The issue is under study using a 
rodent model (Chargelegue et al., 2000). Mice were immunized 
subcutaneously with a recombinant mouse monoclonal antibody produced in 
tobacco, together with alum as adjuvant. Analyses by direct immunoassay, 
competition immunoassay and real-time surface plasmon resonance showed 
undetectable levels of antibody directed against both the protein and the 
glycan part of the plant recombinant antibody. These results have a 
relevance for the application of plant recombinant proteins as therapeutic 
agents and vaccines, but more extensive studies on human patients are 
required to resolve the issue. 
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Figure 3.4. Major differences in glycosylation patterns between human and plant cells. 
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4. IMPLICATIONS OF ANTIBODY 
GLYCOSYLATION FOR THE 
BIOTECHNOLOGY INDUSTRY 



4.1 Options for large-scale production of antibodies 

For antibodies whose effector functions are dependent on the structure of 
their complex N-linked oligosaccharide, the potential of cell culture process 
variations to introduce structural heterogeneity to N-linked carbohydrates is 
a particular challenge for product consistency. There is still no specific FDA 
or cGMP document that deals with glycosylation of antibodies. At present 
most recombinant proteins intended for human therapy are accepted with 
some degree of glycosylation heterogeneity. But FDA officials have already 
pointed out it is important to develop appropriate analytical tests to ensure 
consistency between lots. This concern on the part of regulatory agencies 
indicates that the glycosylation status of products will need to be well 
established. The ability to manufacture an antibody with structurally 
consistent carbohydrates would be advantageous because it would allow 
maximal control over lot-to-lot analytical and biological variability. 

In vitro methods enable the desired glycosylation structures to be obtained 
by making an appropriate choice of systems. Jenkins (1996) indicates that 
both the analytical techniques used to measure glycoprotein heterogeneity 
and methods used to control the biosynthetic pathways of glycosylation are 
being exhaustively investigated. Improvements in analytical procedures now 
offer the prospect of detailed glycan analysis during or soon after 
fermentation of recombinant cells. This together with a more detailed 
knowledge of the glycoprotein biosynthetic pathway, may lead to methods of 
controlling glycan heterogeneity using special media formulations or 
supplements during fermentation. 

4.2 Use of recombinant technology for appropriate 
glycosylation 

Cloning and analysis of glycosyltransferase genes is expediting the in 
vitro production of properly glycosylated proteins. These analyses highlight 
the differences between the glycosylation machinery of different cell types. 
Supplementing the cells’ endogenous equipment with cloned 
glycosyltransferase genes has already been achieved for some enzymes, and 
this type of glycosylation engineering will complement the use of 
glycosylation mutants for the production of antibodies containing specific 
glycoforms. As the biological roles for specific glycan structures become 
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apparent, it may be desirable to manipulate the host cells genetically or 
physiologically for the biased production of certain glycoforms. 

Alternatively, downstream processing techniques may be developed to 
select for different glycoforms in the cell culture medium. Advances have 
been made to manipulate the culture conditions to obtain desired terminal 
sialylation of the product. The CHO cell line expresses a wide variety of 
recombinant proteins by transfection of the appropriate glycosyltransferases 
(Lee, et al., 1989). Substantial effort has been made to minimize the 
heterogeneity among different product lots (Stanley, 1992). 

An antineuroblastoma chimeric IgGl, engineered in CHO cells with a 
tetracycline-regulated expression of beta (1,4)-#- 
acetylglucosaminyltransferase III (GnTIII), catalyzed the formation of 
bisected GlcNAc containing oligosaccharides. This antibody conveyed 
antigen-dependent cell cytotoxicity, and this activity correlated with the 
level of constant region-associated, bisected GlcNAc containing complex 
oligosaccharides (Umana et al 1999). The new optimized Mabs exhibit 
substantial ADCC activity and, hence, may be useful for treatment of 
neuroblastoma. This strategy should be applicable to optimize the ADCC 
activity of other therapeutic IgGs. 

Weikert et al (1999) engineered two CHO cell lines secreting different 
recombinant glycoproteins to express high levels of human beta 1,4- 
galactosyltransferase (GT) and/or alpha 2,3-sialyltransferase (ST). N-linked 
oligosaccharide structures synthesized by cells overexpressing the 
glycosyltransferases showed greater homogeneity compared with control cell 
lines. When GT was overexpressed, oligosaccharides terminating with 
GlcNAc were significantly reduced compared with controls, whereas 
overexpression of ST resulted in sialylation of £90% of available branches. 
As expected, GT overexpression resulted in reduction of oligosaccharides 
terminating with GlcNAc, whereas overexpression of ST resulted in 
sialylation of £90% of oligosaccharides. The more highly sialylated 
glycoproteins had a significantly longer mean residence time in a rabbit 
model. 

This study showed an improvement in glycoprotein quality as a decrease 
in glycosylation heterogeneity resulting from an increase in the molar 
content of galactose and sialic acid. However, it is unclear at present what 
the "best" carbohydrate for each glycoprotein might be. An additional step in 
engineering recombinant glycoproteins may involve humanization of CHO 
oligosaccharides by coexpression of ST and/or the GlcNAc transferase-III 
enzyme, which is responsible for the addition of bisecting GlcNAc residue 
on oligosaccharides derived from humans and other species. Other 
investigators have attempted to overexpress ST in CHO and baby hamster 
kidney lines in an effort to produce more human type oligosaccharide 
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structures. This enzyme has been shown to compete with the endogenous ST 
for the donor sugar cytidine monophosphate (CMP)-sialic acid (Jenkins, 
1992). 

It is currently unknown whether the presence of alpha 2, 6- as well as 
alpha 2, 3-linked sialic acids have any significance in terms of the biological 
or pharmacokinetic properties of glycoproteins. However, overexpression of 
glycosyltransferases can impact the quality of oligosaccharides on 
recombinant glycoproteins and hence suggest that it is possible to use host 
cells with specifically tailored glycosynthetic profiles to predetermine the 
composition of the N-linked oligosaccharides produced during large-scale 
mammalian cell culture. 

Proteins with insufficient sialic acid are subject to drastically reduced 
half-life in circulation. By sialylating these molecules using in vitro 
glycosylation methods it is possible to produce a properly sialylated product. 
The reduction in half-life is the result of terminal galactose residues on the 
oligosaccharide structure, which allows binding to the asialoglycoprotein 
receptor that is present in the liver. The capping of the terminal galactose 
group with sialic acid prevents binding to asialoglycoprotein and subsequent 
clearance from the circulation in the liver. 

As mentioned above, glycosyltransferases are useful reagents for in vitro 
synthesis of oligosaccharides and glycoconjugates. Raju et al. (2001) used a 
combination of beta 1,4 GT and alpha 2,3 ST to regalactosylate and 
resialylate glycoprotein glycans containing terminal GlcNAc and Gal in a 
single reaction step, to reduce microheterogeneity and to increase the level 
of terminal sialylation. Results of the combination reaction were comparable 
to the results of stepwise regalactosylation and resialylation reactions 
obtained in two separate steps. The in vitro glycosylation of therapeutic 
glycoproteins using multiple enzymes in a single reaction is useful and 
efficient in producing homogeneously glycosylated therapeutic 
glycoproteins. This type of in vitro glycosylation reactions can be very easily 
scaled up for industrial production of therapeutic glycoproteins. 



5. FUTURE OUTLOOK 



5.1 Transgenic animals 

There are relatively few studies on the glycosylation of recombinant 
proteins expressed in the milk of transgenic animals. Choi et al (2001) 
investigated bovine beta-casein expressed in transgenic mouse milk. The 
purified beta-casein showed an N-linked oligosaccharide attached to Asn68 
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and different lectin binding profiles compared with the same protein 
expressed in yeast. The mouse-expressed beta-casein oligosaccharide 
structure is different in the mammary gland of mouse than the reported 
glycosylated beta-casein expressed in Pichia pas tor is. 

The published data on glycoproteins produced in transgenic goats indicate 
a similar but significantly different glycosylation pattern than human and 
CHO cells. Interferon-y expressed in transgenic mice showed a greater 
proportion of truncated and oligomannose structures at the Asn97 site 
compared to IFN-y expressed in CHO cells, although the level of 
glycosylation site occupancy was increased. Glycoprotein can be remodeled 
in situ by the transgenic expression of additional glycosyltransferases in the 
mouse mammary gland. Among many systems used for recombinant protein 
production under investigation, the milk of transgenic cattle has been 
proposed as an attractive vehicle for large-scale production (van Berkel, et 
al, 2002). Recombinant human lactoferrin (rhLF), an iron-binding 
glycoprotein involved in innate host defense, has been produced in bovine 
milk at gram/L levels. Although natural hLF and rhLF underwent differential 
N-linked glycosylation, they displayed equivalent behavior in different in 
vivo infection models employing immunocompetent and leukocytopenic 
mice, and showed similar localization at sites of infection. Thus, transgenic 
cattle may be used effectively for the large-scale production of 
biopharmaceuticals. 

5.2 Very large scale production 

It is conceivable that some applications might call for very large 
amounts of antibodies, perhaps in the range of hundreds or even thousands 
of kilograms. These may include wide spread use of therapeutic antibodies 
for cancer or other chronic applications, including autoimmune conditions. 
Other megascale applications could include the use of antibodies for 
industrial applications, including catalytic antibodies, and topical 
applications, such as toothpaste containing antibodies directed against 
periodontic or caries-causing bacteria (Abiko, 2000). 

5.2.1 Options for large scale antibody production 

With increasing demands for very large amounts of perfectly glycosylated 
therapeutic antibodies, biotech companies are moving to greater and greater 
capacities. Although it is currently the method of choice, mammalian cell 
culture has a number of inherent limitations. These include limitation of 
scale, up to approximately 50,000 liters, long culture periods, and limits in 
availability of medium components. These factors can limit the production to 
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a level of perhaps 500 kg per year of antibody. In addition, the capital costs 
are high, and the potential for contamination with adventious agents exists. 

Bacterial antibody production facilities on the other hand can generate 
multi-ton yields, but cannot perform proper glycosylation, making them 
more suitable for production of antibody fragments. Product recovery and 
refolding may be a problem, and capital costs are also high. 

Transgenic animals, including goats, cattle and chickens offer the 
advantage of lower material and product costs, and proper glycoform 
generation. Production levels can be increased by increasing the size of the 
herd, however the lead time for building up herds may be considerable, 
although less than that required to build physical plant facilities. Concerns 
over prions and viruses require careful consideration of hygiene standards. 

Transgenic plants represent the final alternative, again with attendant 
advantages and disadvantages. Recognizing these limitations, Fiedler et al., 
(1997) tried to optimize the accumulation and stability of functionally active 
single chain Fv antibodies in transgenic tobacco plants. High accumulation 
of the two different scFv proteins in transgenic tobacco plants was only 
achieved by retention of the recombinant antibodies in the lumen of the 
endoplasmic reticulum (ER). A plant expression system where the scFv- 
proteins are targeted in the ER provides not only the highest accumulation 
level of active single chain Fv antibodies ever reported but also a short- or 
long-term storage of the foreign protein in the harvested plant material. 

Application of these approaches could drive down costs even more than 
the optimistic predictions voiced by plant biotech company representatives. 
Since the theoretical potential is the lowest of any method, plants could in 
the future be the technology of choice. They have the capability to meet 
extremely high demand, greater than 500 kg/year. But the time to establish 
stocks may be substantial, and production sites may require special security. 

5.2.2 Limitations of mammalian cell culture 

CHO cells are approved by the FDA for most recombinant human 
glycoprotein production, since the glycosylation machinery is similar to the 
human system. However, CHO cells may not be adequate to satisfy long 
term industrial requirements for the production of antibodies. Other options 
include plasmacytoma cell lines such as the rat Y0 line whose natural 
glycosylation profile included the presence of bisecting GLcNAc residues. A 
further concern is the possibility that mutant clones may arise during 
extensive and continuous culture with the emergence and overgrowth of a 
sub-clone secreting structurally and functionally aberrant molecules. The 
reality of this concern is demonstrated by the isolation of multiple sub-clones 
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of CHO cells expressing an altered profile of glycosyltransferases and 
secreting glycoproteins with unique glycoform profiles (Lee, et al., 2001). 

Pilot studies, while they may provide information allowing optimization 
of growth conditions, may yield protocols too expensive to transfer into 
commercial production. Ideally, one would aim for a system that mimics in 
vivo conditions (homeostasis) as closely as possibly with the maintenance of 
nutrient concentration, oxygen tension and removal of metabolites. 

A major consideration for the industry is the overall cost of production. 
An important element in its determination is downstream processing. 
Isolation and purification is simplified by the use of defined media and there 
has been a sustained development of serum free media with most companies 
adopting their own proprietary formulation. Large-scale production facilities 
have employed air-lifting fermenters of 10,000-20,000 L capacity. Cultures 
may be gradually expanded, moving to the next larger fermenter to allow 
exponential growth. At the end stage the cells exhaust the medium, die and 
their endogenous proteins are released following rupture of the cell 
membranes. Hollow fiber bioreactors have been used for research and 
intermediate scale production of glycoprotein, including antibodies to be 
used as in vivo therapeutics. This system does allow continuous exchange 
between the medium. However, the cells are not homogeneously dispersed 
throughout the cell compartment but grow in clumps of solid tissue. The 
result of these sub-optimal conditions is that mass transfer across such a 
tissue is curtailed and hence necrosis follows. 

5.3 Total in vitro chemical synthesis of proteins and 
their glycosylation sites 

Advances in carbohydrate chemistry, aided by recombinant 
glycosyltransferases, may permit synthetic construction of complex 
oligosaccharides. These could then be grafted onto recombinant proteins 
made in prokaryotic systems. At present, the Neose Company has the 
capacity to remodel glycoprotein in the range of grams. Currently, there are 
several efficient expression systems available that are capable of producing 
commercial scale quantities of enzymes required for in vitro glycosylation. 
Glycosyltransferases, such as sialyltransferases, galactosyltransferases and 
fucosyltransferases are expressed in Aspergillis niger, a GRAS (Generally 
Recognized As Safe) organism, as a fusion protein with a cleavage signal 
which can be easily removed. Until this technology is developed and 
expanded to industrial scales, animal cells will remain the first choice for the 
production of most human recombinant glycoprotein therapeutics. 
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1. INTRODUCTION 

Monoclonal antibodies and more largely immunoglobulins along with all 
their fragments and engineered forms represent today the largest class of 
produced and purified protein in number and quantity. New potential 
applications of antibodies in their native form or various engineered 
constructs actually continue to stimulate therapeutic areas. Expected high 
dosage levels imply that their purity has to meet stringent requirements. It 
means also that the production cost per dose compared to other therapeutic 
biomolecules has to be kept low. To achieve these goals it is anticipated that 
effective, low cost productions and purification strategies will be put in 
place. 

The purification of antibodies has a story that commenced with the 
separation of proteins several decades ago. Many approaches have been 
described involving precipitation with a variety of chemical agents, 
electrophoresis-based fractionations, membrane methodologies and liquid 
chromatography. The latter probably represents the most largely used 
approach as a result of the easy to be implemented, the capability to 
modulate on the selectivity and finally the level of purity that can be 
achieved. Interestingly a large number of specific chromatographic sorbents 
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has been developed for the purpose, a peculiar situation that has no 
equivalent in the bioseparation world. 

Although various purification principles for antibodies have been 
developed, the most commonly used technique is to selectively adsorb them 
on Protein A sorbents from very crude feedstocks [Ey, 1978; Duffy, 1989]. 
The high selectivity of Protein A for the Fc fragment facilitates the 
separation of antibodies; however, this approach is associated with high 
costs and various practical complications [Fuglistaller, 1989; Godfrey, 
1993]. Alternatives to Protein A chromatography are affinity or pseudo- 
affinity sorbents that provide a good compromise between selectivity and 
cost. Thiophilic chromatography [Belew, 1987; Boschetti, 2001a] and bio- 
mimetic affinity chromatography [Li, 1998; Palombo, 1998] have been 
developed and applied to achieve this objective. Effectively enough these 
methods eliminate some specific drawbacks related to Protein A 
chromatography; nevertheless they are still limited due to the necessity to 
work either in the presence of highly concentrated lyotropic salts, the 
necessity to design relatively complicated chemically structured ligands or 
even to change conditions of pH and ionic strength prior the adsorption step. 
Other sorbents or methods have been developed for antibody separation: 
peptodomimetic ligands [Guerrier, 1998; Lihme, 1997; Palombo, 1998], 
arenophilic sorbents [Ngo, 1994], thiophilic aromatic solid phases [Scholz, 
1998a] and histidine based matrix [El-Kak, 1992]. All these mentioned 
methods are based on different adsorption/desorption principles. 

Antibodies are a homogeneous family of proteins with very different 
biochemical properties; they have in common several well-known highly 
conserved properties such as the presence of loci with clusters of histidine, 
large hydrophobic regions, and well-determined glycosylated sites. This is 
the main reason why various strategies have been employed to design solid 
phases for their separation [for a whole review see Boschetti, 2000]. 

In spite of these peculiar properties, ion exchange chromatography 
remains one of the most popular methods for antibody separation from the 
very first step. Strong and weak cation [Carlsson, 1985; Necina, 1998] and 
anion [Duffy, 1989] exchange chromatography procedures have been 
described and are still in use. 

Optimal conditions of protein adsorption and desorption, have been 
demonstrated to be greatly dependent not only on characteristics of 
antibodies, but also on the number and amount of foreign proteins. 
Environmental pH and ionic strength are both critical for an efficient 
antibody capture. When the separation process uses more than one column 
the coherence between buffers and the right sequence of columns must also 
to be established in an efficient way. In this situation, chromatographic 
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conditions need to be properly defined every time the maximal enrichment 
of the antibody from a complex mixture is desired. 

Throughout this chapter essential separation methods for antibody 
purifications are described with respect to chromatography sorbents. 
Although the review is far from exhaustive, it discusses technologies that 
either are or will become the most relevant approaches in this domain, 
because of their effectiveness and their large scale possible exploitation. 
After the description of separation methods a section is devoted to the design 
of a separation process. This notion is in fact one of most obscure and 
controversial steps for process design where the goal is to reach an optimal 
level in terms of recovery, robustness and cost. 



2. Ion exchange chromatography: role, strengths and 
weaknesses 

Ion exchange is extensively applied to antibody separation. Separation 
selectivity and efficiency depend on a number of factors, which have been 
studied in depth in theory and practice. A large variety of resins for different 
applications has been described and is commercially available. 

Ion-exchangers are classified into four categories according to their 
electrical charge and the shape of the titration curve; weak and strong cation 
and weak and strong anion exchangers. Concepts and mechanisms of action 
of modem ion exchangers have been extensively described [see Boschetti, 
2002a for review]. 

For the adsorption of antibodies virtually all ion exchangers compatible 
with protein separation can be used. Anion exchangers have been used 
extensively for the isolation of polyclonal IgG from human plasma and from 
different mammals in a single step with a high degree of purity [Danielsson, 
1988; Chen, 1988]. 

They have also been used for the isolation of isoforms of monoclonal IgG 
after optimization of adsorption and elution conditions to fit with the 
isoelectric point properties of the antibody [McLaren, 1994]. 

Antibodies are actually very diverse in their isoelectric point, which can 
be between 4 to 9. This is why isoelectric point of the antibody is a 
parameter to consider for an appropriate choice of an ion exchanger and of a 
buffer. However, the net charge conferred by amino acid composition does 
not take in consideration clusters of ionisable groups on the surface of the 
protein that play a role in the interaction with solid surfaces. Moreover the 
isoelectric point determination is obviously ineffective for polyclonal 
antibodies. An antibody should adsorb on an anion exchanger at pH value 
above its pi and to a cation exchanger below its pi. This rule is however 
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valid only at low conductivity conditions, because the presence of small ions 
in the running buffer prevents antibody adsorption by competition. 

Sufficient adsorption of antibodies on cation exchange resins is generally 
reached in running buffers with low ionic strength, which is equivalent to a 
conductivity of 10 mS/cm or lower at a pH between 4 and 6. At a pH above 
8 and low ionic strength, sufficient adsorption is reached for an anion 
exchanger. Desorption at laboratory scale is effected by a linear sodium 
chloride gradient or by a pH gradient or both. The peak position in linear 
gradient elution can be used to determine the required salt concentration for 
stepwise elution, which is preferred at both pilot and industrial scale. 

Ion exchange chromatography can be applied to virtually all monoclonal 
antibody separation from different classes, species and feedstocks. Due to 
the diversity of antibodies and impurities to remove adsorption and elution 
conditions must be empirically determined case-by-case. Since it is not 
possible to predict the adsorption behaviour on ion-exchangers from the 
amino acid sequence, alternative methods have been designed as described 
on following sections. 

Most of the time physicochemical properties of crude feedstocks are not 
compatible with a direct adsorption of antibodies on ion exchangers; 
therefore the ionic strength and or pH must be modified significantly. In 
practice the actual salt concentration depends on the net charge of the 
antibody and the charge density of the ion-exchanger. The easiest way to 
adsorb an antibody on an ion exchange resin is to dilute the feedstock to 
lower the conductivity to about 5 mS/cm. This is not always practical 
particularly when dealing with large volumes to process. Additionally if the 
antibody concentration is below certain limits, a proper adsorption on the 
resin does not occur. Diafiltration followed by a concentration step, 
whenever appropriate, are additional operations to adjust the properties of 
the feedstock to be suited for adsorption on an ion exchange resin [Jiskoot, 
1989], 

To circumvent feedstock dilution, special cation exchangers with high 
charge density are used for antibody capture. Representatives of highly 
substituted ion exchangers are, CM Ceramic HyperD, CM HyperZ and 
Sepharose XL. They carry 300-400 pmols of carboxyl groups per ml of 
packed resin. Using these resins, specific studies demonstrated the 
possibility to efficiently adsorb antibodies directly from crude feed streams 
with conductivities as high as 22 mS/cm. 

Binding capacities of such sorbents are higher than 60 mg/ml in 
physiological conditions. pH for adsorption, must nevertheless to be adjusted 
according to the individual property of the antibody, but pH should be 
always in the range of 4.2 and 4.8. 
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The purity of antibodies that can be reached by ion exchange 
chromatography in a single pass is 40-98%. This depends on the choice of 
the ion exchanger, and on the nature of feedstock carrying protein impurities. 

Ion-exchange chromatography can be used as a capture step at the initial 
stage of antibody separation and then be followed by one or two additional 
chromatography steps to remove contaminants. 



b 





Figure 4. 1. Three-step antibody separation from bovine serum using Boronate HyperCel (A), 
Q HyperZ (B) and IMAC HyperCel (C). Crude serum was injected in the first column in 
physiological conditions and then glycoproteins desorbed with sorbitol. This fraction was 
directly loaded in the second column and desorption of proteins was performed using a 75 
mM (1) and 150 mM (2) sodium chloride solution at pH 8. Fraction 1 was then loaded on 
Cu ++ IMAC column from which IgG were eluted using a 20 mM imidazol solution at pH 7. 
Inserts represent SDS electrophoresis results, a: crude bovine serum; b: IgG-rich boronate 
fraction; c: IgG-rich Q column fraction; d: pure IgG from IMAC column. 

Alternatively ion exchange chromatography can be advantageously used 
for the separation of impurities coming from an affinity capture. The nature 
of the ion exchanger is chosen not only by the best separation properties, but 
also for the direct compatibility with the preceding column. 

Figure 1 illustrates a practical example of the use of an anion exchanger 
after antibody capture to reduce the complexity. 

Asdorption of polyclonal antibodies from bovine serum is first 
accomplished on a boronate sorbent. Glycoproteins including IgG are thus 
adsorbed on the column leaving in the flowthrough a large amount of 
proteins, among them, albumin. Immunoglobulins are desorbed quite 
selectively by a solution of sorbitol. The semicrude collected protein fraction 
is separated by ion exchange in classical conditions. Collected IgG under a 
salt gradient are then polished using an IMAC sorbent chelated with copper. 
This three-step separation resulted effectively into a pure IgG fraction. 
Buffers used were compatible from column to column. 
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Since ion exchangers cannot be used at neutral pH, it should be noticed 
that anion exchangers (typically used at pH around 8) may induce the 
activation of proteases such as trypsin-like proteases as well as plasmin and 
kallikrein when traces are present in the feedstock. 



3. PSEUDO-AFFINITY VERSUS BIO-AFFINITY 

It is generally admitted that affinity chromatography involves solid phase 
sorbents on which bio-specific ligands against the protein to separate are 
chemically attached. The construct is then used for the specific adsorption of 
the target protein in physiological conditions from a very crude feedstock. 
The column is then washed to remove foreign species and the protein of 
interest desorbed by selected means. 

The key for the preparation of an affinity sorbent is the selection of the 
appropriate ligand, the adapted immobilization chemistry and the linker or 
spacer arm. 

Modelling approaches of affinity interactions are well known; the 
specificity of the interaction is a probabilistic term that is dependent on the 
law of mass action between two molecular species [Boschetti, 2000]. 

Solid phase material, chemical activation, principle of covalent link for 
the bio-specific ligand and conditions of adsorption and desorption are 
extensively described [Carlsson, 1988], 

3.1 Bio-affinity chromatography 

Bio-specific affinity chromatography for antibody separation is 
characterized by three main base concepts: (i) antibody-antibody based 
affinity recognition, (ii) antigen-antibody affinity interaction and (iii) protein 
A-antibody (and related proteins) specific adsorption. 

The use of specific antibodies as immobilized affinity ligands constitutes 
an effective way to selectively purify monoclonal as well as polyclonal 
antibodies. Anti-immunoglobulins are chemically coupled on a solid phase 
chromatographic matrix and used as an affinity sorbent. An advantage of this 
approach is its extreme specificity. Additionally the antibody ligand can be 
chosen as a function of its affinity constant so as elution conditions remains 
mild for a minimum denaturation of the antibody to be separated. 

The adsorption phase is performed in physiological conditions of pH and 
ionic strength; elution of antibodies is generally obtained by acidic 
deforming buffers such as 0.2 M glycine-HCl, pH 2-3. 

Immunoaffinity chromatography using an antibody as the ligand is, 
however, so specific that it is necessary to design a sorbent each time a new 




Approaches to devise antibody purification by chromotography 



85 



antibody is to be separated. This implies the production of a specific 
antibody ligand, its purification and then its immobilization on a solid 
matrix. Overall the process is a relatively expensive and has applications 
restricted to laboratory scale. For a more broad applicability, antibody 
ligands against heavy or light chains can be used to purify antibodies of the 
same group [Bazin, 1984a; Bazin, 1984b]. 

Typical molecules that are specifically recognized by antibodies are 
antigens; therefore the immobilization of an antigen (protein or hapten) on a 
chromatographic matrix constitutes a mean to selectively purify antibodies. 
For the implementation of such an approach, the first requirement is the 
availability of the antigen prior its chemical immobilization on a solid 
matrix. For small sized antigen molecules, a spacer arm may be required in 
order to ensure accessibility to the active site of the antibody [Mohan, 1997]. 

The most common bio-affinity technique to separate antibodies is based 
on the use of Protein A and related bacterial proteinaceous ligands. 



Table 4.1 : Antibodies that do not interact with Protein A 



Specie 



Type of antibody 



Human 

Mouse 

Rat 

Goat, Sheep, Mouse 
Goat, Sheep, Rabbit 
Chicken 



IgG3, IgA, IgM 
IGM 

IgG2a, IgG2b, IgM 

IgGl 

IgM 

IgY 



Interaction 

Weak interaction 
No interaction 
No interaction 
Weak interaction 
No interaction 
No interaction 



Protein A is a cell wall constituent of Staphylococcus aureus with high 
specificity for Fc fragment of many IgG antibodies. This biomolecule is 
constituted of a single polypeptide chain with a C-terminus related to a trans- 
membrane domain and five homologous IgG-binding regions [Moks, 1986]. 
Its molecular mass is 41,000 Daltons and its isoelectric point is about 5. 

Protein A ligand has been grafted to many solid porous chromatographic 
supports such as agarose, dextran beads, silica, HyperD and others. The 
primary binding site of Protein A is the Fc fragment of IgG at the junctures 
of CH2 and CH3 domains. Its specificity is very high, however it does not 
interact with all IgG antibodies (see Table 4.1 and Figure 4.2). 

The advantage of using Protein A is that most of the time prediction of 
separation of antibodies is demonstrated and conditions of separation of 
impurities can be done using predetermined pHs and ionic strengths with no 
need of optimization. The adsorption phase is also compatible with most 
types of feedstocks, with no necessity to dilute, concentrate or to use 
additives. Although binding of IgG onto Protein A resins generally takes 
place in physiological conditions, the presence of polyethylene glycols, 
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glycine buffers at high pHs and high ionic strength enhances the interaction. 
Interaction is complex, but one of dominant contribution is hydrophobic 
association. 




0 10 20 30 44 50 ml 



Figure 4.2. Comparative separation of rat monoclonal antibodies from hybridoma cell culture 
supernatant in the presence of 1 0% fetal bovine serum on Protein A Ceramic HyperD (A) and 
MEP HyperCel (B). Loading conditions were similar for both columns: direct injection of 
crude supernatant in physiological conditions. Elution was accomplished by using 
respectively 0.1 M acetic acid, pH 3 or 50 mM acetate buffer, pH 4. As shown in inserts, 
Protein A sorbent was unable to capture properly rat antibodies (see also Table 1): most of the 
antibody was found in the flowthrough (A2). Virtually no antibody was found in the acetic 
acid fraction (A3). Conversely MEP HyperCel captured all antibodies (no antibody found in 
the flowthrough fraction B2), which were thus collected by elution with acetate buffer (B3). 
Contaminants in trace amount were albumin and a second unidentified protein. Lanes 1 of 
both electrophoresis analysis represent initial crude samples. 

Elution of antibodies from Protein A can be accomplished using acidic 
pH in the region of 2.5-3. When the adsorption is performed at alkaline pH 
and high ionic strength, for instance when adsorbing mouse IgGl, the elution 
can be obtained just by lowering the ionic strength at a pH close to 5-6. 
Binding capacity for antibodies is also satisfactory for preparative purposes. 

These advantages are unfortunately counterbalanced by a number of 
disadvantages at different levels. Biologically speaking the association of 
Protein A with Fc fragment of IgG affects somewhat the local structure of 
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the antibody, destabilizing the structure of carbohydrate moiety with 
consequent altered susceptibility to proteolytic attack. This interaction can 
also partially alter antibody effector functions. Additionally, the necessity to 
use acidic conditions to desorb captured antibodies contributes to 
aggregation and some denaturation for acidic-sensitive antibodies. 

As a protein based ligand. Protein A cannot be cleaned in the presence of 
caustic solutions as it is the case for chemical ligands; this situation renders 
the use of protein A less practical in term of sanitization and longevity. 
Although it is relatively stable, Protein A can be degraded with consequent 
leakage of fragments that may contaminate the antibody production. 
Actually Protein A leakage (as whole and/or under proteolysis fragments) is 
one of the most serious arguments that limit its use [Fuglistaller, 1989; 
Godfrey, 1993; Peng, 1986]. Cost of Protein A resins is also prohibitively 
high: this necessitates specific care to maintain the column as long as 
possible for multiple uses. 

In spite of all the described limitations. Protein A sorbents are the most 
popular means to adsorb specifically antibodies for small and large scale 
applications. 



T able 4. 2: Protein with affinity for antibodies 



Protein ligand 


Origin 


Specificity 


Type of 
antibody 


Protein A 


Staphylococcus a. 


Fc fragment 


Most of IgG 


Protein G 


Streptococci (G, C) 


Fc 


All IgG 


Protein L 


Peptococcus m. 


K chains 


IgM, IgG 


Protein P 


Clostridium p. 


K chains 


IgM 


Protein ARP 


A streptococci 


Fc 


IgA 


Concanavalin A 


Concanavalia e. 


Glycosylated region 


IgG, IgM, IgA 


Jacalin 


Artrocarpus h. 


Glycosylated region 


IgA, IgE 


RCA-2 


Ricinus c. 


Glycosylated region 


IgD 


LCA 


Lens c. 


Glycosylated region 


IgG, IgM 


GNA 


Galanthus n. 


Glycosylated region 


IgM 



A number of other microbial proteins are known for the separation of 
antibodies (see Table 4.2). One of them is Protein G [Akerstroml986]. 
Similarly to Protein A, it is also composed of a single polypeptide chain with 
binding domains for IgG. Recombinant versions of Protein G have been 
engineered to remove selected undesired domains but keeping intact the IgG 
binding region. In spite of similar specificity for antibodies, binding sites for 
IgG are composed of sequences that are different from those for Protein A 
specificity. This is why the applicability spectrum of Protein G is different in 
term of specificity for antibodies classes, subclasses and species. Among 
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other bacterial protein ligands for antibodies Protein L from 
Peptostreptococcus magnus deserves to be mentioned. It binds specifically 
to the variable domain of immunoglobulin light chain without interfering 
with the antigen binding site [Nilson, 1993]. It binds all classes of human 
antibodies comprising kappa light chains. 

3.2 Synthetic ligands for antibody adsorption 

Pseudo-affinity methods use ligands having an affinity for antibodies 
similar to the bio-affinity partner. The interaction generally involves more 
than one molecular association parameter; among them are ionic 
interactions, hydrophobic associations and other minor molecular forces. 

In the last few years a number of chemical structures have been described 
with the objective to circumvent the drawbacks of Protein A mentioned 
above; some of them are actually called “Protein A mimetic ligands”. 

Some described Protein A mimetic ligand are based on a rational 
approach in understanding the structures of natural docking domains 
between the B domain of Protein A and the Fc fragment of IgG. Studies in 
this field generated several ligand candidates with affinity for 
immunoglobulins G [Li, 1998; Teng, 1999; Teng, 2000], 

Since the interaction appeared to be predominantly hydrophobic and 
supported by some hydrogen bonding effects, the structures studied focused 
around phenylalanine, tyrosine and isoleucine residues. These aminoacids 
were attached to a trichlorotriazine ring in different proportions and the 
various structures obtained were studied for their affinity for IgG. 

Measured affinity constant obtained with these ligands where in the range 
of 10 2 - 10 4 compared to 1.4 x 10 7 for Protein A. Described purity of IgG 
from human plasma evaluated by SDS PAGE was reported to be in the range 
of 50 to 98 % when adsorption of IgG from a crude extract occurred in 
physiological conditions and elution was performed by lowering the pH to 
3.8 and below. 

In other reports a series of peptides with the ability to interact with 
immunoglobulins were described and have been used as affinity 
chromatography ligand [Guerrier, 1998; Fassina, 1998; Fassina, 2001]. 
These peptide structures resulted from a combinatorial peptide library 
screening methodology and were identified by their ability to make 
complexes with IgG that were displaced by the addition of Protein A. As for 
the previous described peptidomimetic ligands, they do not distinguish 
classes of antibodies. Binding capacity of sorbents made with these peptide 
ligands were reported to be close to 1 5 mg per ml of resin. 

The separation of immunoglobulins is performed by adsorbing the 
material in 100 mM phosphate buffer and after a washing step 
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immunoglobulins are desorbed by increasing the pH to 8-8.5 with carbonate 
or borate buffer. Similar results have also been recently published with a 
synthetic ligand able to mimic Protein A in the recognition of Fc portion of 
antibodies [Fassina, 1998]. Ligand specificity is broader than Protein A since 
IgG, IgA, IgM, IgE and IgY were all interacting with no specific 
discrimination. Elution was effective either at acidic pH (e.g. acetic acid) or 
using a sodium bicarbonate buffer pH 9. Purity checked by SDS-PAGE was 
higher than 90 % under the described conditions with a binding capacity 
that could reach up to 25 mg/ml of resin. 

Another Protein A mimetic synthetic molecule was recently described 
[Lihme, 1997]. The nature of the ligand was not disclosed but its 
performance was reported as able to bind a large variety of immunoglobulins 
G and M from different animal species. In typical experiments binding 
capacity was in the range of 1.2 to 1 1.5 mg per ml of resin at pH 5.1; purity 
of immunoglobulins was in the range of 35 to 99 % and the recovery of 90- 
98 %. The use of sodium lauroyl sarcosinate was mentioned as a mean to 
avoid non specific binding. 

Among the affinity related methods described for the separation of 
antibodies are sorbents carrying aza-arenophilic ligands [Ngo, 1992; Ngo, 
1994] and immobilized histidine on agarose beads by means of aminohexyl 
spacer arm [El-Kak, 1992]. 

More recently a technique called hydrophobic charge induction 
chromatography was described [Boschetti, 2002b]. It is based on the use of a 
synthetic ligands associating hydrophobic properties for the adsorption of 
immunoglobulins, a heterocyclic structure and thiophilicity for antibody 
specificity, and ionisable groups to enhance the dissociation mechanism 
when changing the pH. This method is today extensively used for antibody 
purification at small and large scale. 

Ligands designed for this technique are composed of a hydrophobic tail 
and of an ionizable head. They are covalently immobilized on matrices 
through their tail region by means of ether or thioether bonds. 

The density of the ligand of the matrix is high so as to obtain IgG 
adsorption in physiological conditions of pH and of ionic strength. This 
approach seems much more acceptable to any other pseudo-affinity 
techniques because of a number of intrinsic benefits. Binding capacity is 
particularly high, specificity for antibody is high, the resin can be cleaned in 
very stringent conditions with no degradation, and resin and exploitation 
costs are fully affordable for small and compatible for large scale 
applications. This sorbent does not discriminate antibody classes or species. 

The integral structure of the ligand is described as crucial for the 
specificity [Boschetti, 2001b]. Any minor change induces modifications in 
binding capacity or modifications of selectivity. 
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Hydrophobic charge induction chromatography is currently used for the 
separation of a number of immunoglobulins such as monoclonal antibodies 
from ascites fluid and cell culture supernatants, from bovine colostrum, 
cheese whey and from egg yolk. 

Typically the adsorption phase is made without pH or ionic strength 
adjustment; the column is then washed with a 50 mM Tris buffer, pH 8 or a 
phosphate buffered saline. Desorption of albumin traces when present in the 
feedstock is washed out by water or sodium caprylate solution. Desorption 
of antibodies takes place by lowering the pH to 4 or below with low ionic 
strength buffers. Co-adsorption of albumin traces depends on the column 
saturation; when the column is highly loaded or in overloading conditions, 
albumin is displaced by IgG with resulting better purity for antibody. This 
approach obviates the use of an intermediate wash with water or sodium 
caprylate. 

Variations of these conditions can be made during the adsorption phase 
to prevent capture of undesired impurities. 

Elutions can also be modulated by using different buffers at acidic pH, 
such as acetate or citrate buffers. The higher the ionic strength of the buffer 
the lower the pH for a complete elution of antibodies. Purity for antibodies 
may be improved by pH elution step gradients according to the property of 
the antibody. 

In a similar domain of ligand design, another structure is proposed for the 
capture of antibodies in lieu of Protein A. This structure is based on the 
presence of a heterocycle, a sulfur atom and an aromatic ring supporting a 
strong acidic group, which is negatively charged on all range of working pH. 
The ligand is called mercaptobenzimidazole sulfonic acid. Once attached 
chemically on a solid matrix, it adsorbs antibodies in physiological ionic 
strength at a pH between 5 and 5.5. Elution takes place when raising the pH 
to 8. 5-9.5. 

The mechanism of action is as complex as the one described for 
mercaptoethyl pyridine, although the adsorption does not happen by 
hydrophobic association. The sulfur atom and the heterocycle are both 
important for the selective adsorption of antibodies, while the presence of a 
sulfonate group, which is negatively charged during the adsorption phase 
(pH 5.0 - 5.5) contributes for the repulsion of albumin and other molecular 
species. IgG are therefore selectively separated in a single step at a purity 
above 85-90 % starting from whole undiluted serum. Traces of transferrin 
are among small impurities found in the IgG fraction. Figure 4.3 shows the 
separation of rat monoclonal IgG from a crude whole supernatant from a 
hybridoma cell culture in the presence of 10% fetal bovine serum. 
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Figure 4.3. Separation of rat monoclonal antibodies from hybridoma cell culture supernatant 
in the presence of 10% fetal bovine serum using MBI HyperCel. Loading was performed after 
lowering the pH of the sample to 5.2. Elution of antibodies was accomplished by raising the 
pH to 9 with a 50 mM carbonate buffer containing 140 mM sodium chloride. Insert represents 
SDS electrophoresis analysis of crude supernatant (1) , flowthrough (2) and eluted IgG 
fraction (3). The purified antibodies show trace impurities of transferrin; no albumin 
adsorption occurred. 

Taken together mercaptoethyl pyridine and mercaptobenzimidazole 
sulfonic acids are complementary ligands for the purification of antibodies 
as demonstrated in the case of milk whey (results not shown). They can be 
advantageously used in direct tandem mode with no change in pH between 
columns. 



4. ELECTRON DONOR-ACCEPTOR 
INTERACTION 

The formation of neutral molecular complexes under the influence of 
weak attractive forces is at the basis of a large number of mechanisms of 
protein adsorption on solid phases. This interaction is generated from the 
electron donor-acceptor properties of the interacting moieties: the 
immobilized ligand and the protein to separate. It is on this principle that 
some aromatic compounds in aqueous solution interact with each other. 
Although in this case forces involved are of hydrophobic nature, other forces 
like electron donor-acceptor complexes contribute to the attraction of 
partners. 
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First observations indicate that such interaction would involve aromatic 
or heterocyclic compounds; however, it is not necessary that the ligand 
contain aromatic ring systems. 

Ligands containing sulfur and nitrogen can easily act as interacting 
centers for amino acid residues at the surface of proteins. 

In the case of antibody separation, thiophilic ligands and immobilized 
metal ions have characteristics that are close to the formation of complexes 
depending on the exchange of electrons between specific sites. They are both 
considered in the following lines as interesting means for the separation of 
antibodies. 

4.1 Thiophilic ligands for antibody adsorption 

The interest of sulfur atoms for ligand adsorption chromatography was 
recognized several decades ago [Porath, 1960; Gelotte, I960]. The presence 
of one or several sulfur atoms on given ligands compared to the same with 
oxygen atoms instead, gave the first indications that the sulphur atoms have 
an effect on the adsorption of proteins. The strength of this interaction 
appeared dependent on the electrophilic and nucleophilic substituents of the 
ligand, supporting thus the hypothesis that electron donor-acceptor 
complexes were responsible for the interaction. In this context it was found 
that resins carrying vinylsulfone groups reacted with 2-mercaptoethanol (two 
sulphur atoms in the ligand structure) were good adsorbents for antibodies 
[Porath, 1985; Hutchens, 1986; Porath, 1987]. 

Elution patterns of whole human serum on this type of solid phase media 
in the presence of high concentrations of ammonium sulfate evidenced 
selective protein desorption. Good separation was observed for 
immunoglobulins G from both a 1 -antitrypsin and a2-macroglobulin 
[Hutchens, 1986]. 

A large number of applications in the separation of antibodies by 
thiophilic chromatography have been described in the last decade. Konecny 
et al., 1994, described the separation of immunoglobulins G from bovine 
milk whey; other publications reported the separation of antibodies from cell 
culture supernatants [Birkenmeyer, 1992; Arguelles, 1999], from chicken 
eggs [Hanach, 1998] and from ascites fluid [Bog-Hansen, 1997]. 

Thiophilic chromatography has also been used for the separation of 
antibody subclasses [Bridonneau, 1993] 

Thiophilic interaction with respect to antibody separation has also been 
investigated in more complex situations where the group vicinal to the 
thioether bond was a pyridine ring. It was observed that IgGs were adsorbed 
much strongly than when a phenyl group is present [Oscarson, 1990]; 
however, albumin was also part of adsorbed proteins. This investigation 
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suggested that the more electron donor acceptors groups are present, the 
higher the affinity and the binding capacity for antibodies. 

With this in mind the use of heterocyclic compounds for the synthesis of 
thiophilic ligands was further investigated [Porath, 1998]. It was 
demonstrated that heterocyclic compounds, attached to a solid matrix via a 
thioether bond, were able to adsorb some classes of proteins from serum, 
such as antibodies and a2-macroglobulin, but not albumin. 

More recently, other heterocyclic compounds attached via divinylsulfone 
activation have been described as ligands for the purification of antibodies 
[Scholz, 1998a; Scholz, 1998b]. These derivatives allowed adsorbing 
antibodies without addition of lyotropic salts; desorption was accomplished 
by increasing the pH. 

4.2 Immobilized metal affinity chromatography 

Immobilized Metal Affinity Chromatography (IMAC) is based on the 
metal ion mediated interaction with proteins. To achieve this interaction on 
solid phase, metal ions are adsorbed on a chelating resin and the resulting 
solid phase used for protein adsorption. Chelation of metal ions occurs via 
the intervention of selected ligands chemically attached on the matrix. The 
most popular chelating ligand is iminodiacetic acid. For more details on 
these affinity mediated resins see Table 4.3 [Chaga, 2001 and Gaberc- 
Porekar, 2001 for reviews]. 

Table 4.3: Common chelating molecules for metal ion immobilization 



Chelating ligand 

Iminodiacetic acid 
Notrilotriacetic acid 
Carboxymethyl aspartic acid 
Aminohydroxamic acid 
Salicylaldehyde 

N-(2-pyridylmethyl)amino acetate 
OrtAo-phosphoserine 



Coordination Metal ions 



Tridentate 


CiT , Zn^, Ni 4 ", Co 


Tetradentate 


Nr 


Tetradentate 


Ca 4 ^, Co ++ 


Bidentate 


Fe 4 ^ 


Bidentate 


CiT 


Tridentate 


CiT 


Tridentate 


Fe+r Al +++ 



In immobilized metal affinity chromatography protein adsorption is 
dependent on the coordination between a transition metal ions and an 
electron donor group of the protein. 

Common transition metals that have electron-pair acceptors are Cu ++ , 
Co ++ , Ni ++ , Zn ++ , Fe +++ . These metal ions are strongly adsorbed on chelating 
resins having electron donor atoms such as N, S, and O. Remaining 
coordination sites on the chelated metal ions are occupied by molecules of 
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water and can be exchanged with electron-donor groups of the protein 
residues. The primary protein residue to interact with transition metal ions is 
histidine; however other aminoacids such as, Arg, Asp, Cys, Glu, Met and 
Tyr can participate for protein retention on the solid phase media. 

Other groups such as Phe, Trp and Tyr appear to contribute as well when 
they are close to a histidyl residue. Conditions of interactions are when the 
histidyl group is protonated, in other word when the pH is neutral or slightly 
alkaline. 

As a result of the presence in their structure of a highly conserved 
histidyl cluster at the junctures of CH2 and CH3 domains of Fc fragment 
[Burton, 1985], antibodies interact quite strongly and specifically with these 
resins. Therefore they are easily adsorbed and separated from a variety of 
feedstocks [Porath, 1983; Sharma, 1997]. 

Separation of antibody by metal chelate affinity chromatography is 
influenced by several parameters such as the nature of immobilized chelating 
group, the immobilized metal ion, and the pH environment. 

El Rassi and Horvath, 1986, explained the retention of proteins on metal- 
chelate sorbents as influenced by several parameters that are connected with 
the transition metal ion, the presence of salt in the mobile phase and an 
electrostatic influence. 

Antibody interaction generally occurs with nickel ions [Sulkowsky, 
1985] or copper ions [Li-Chan, 1990] as well as cobalt ions. Polyclonal IgGs 
were efficiently recovered from low concentration cheese whey at high 
binding capacity and purity. IgG was found to be able to competitively 
displace less tightly bound proteins such as P-lactoglobulin, a-lactalbumin, 
serum albumin and lactoperoxidase, during whey loading. 

A typical example is the purification of humanized monoclonal 
antibodies [Sulkowsky, 1985]: after filtration of feed stock, IgG was 
adsorbed directly and eluted by a descending pH gradient from 7.5 to 4.25. 
Purity obtained was about 90%; reported recovery was greater than 90%. 

As a general rule adsorption of antibodies on metal chelating resins 
occurs best in slightly alkaline pHs, which selectively favour the adsorption 
of antibodies. This step may be performed in the presence of 0.5-1 M sodium 
chloride that prevents weak adsorption of other proteins [Hale, 1994]. 

Several options are available for the elution of antibodies. Among them is 
the decrease of the buffer pH to 3. 8-4.5, and the addition of competitive 
molecules such as imidazol, histidine or histidine analogs. Other effective 
chemicals capable of desorbing antibodies are chelating agents such as 
EDTA, EGTA and iminodiacetic acid. They act as very effective 
sequestering agents to remove the metal ions and consequently they desorb 
antibodies. These latter are, however, contaminated by metal ions. Known 
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contaminants of purified antibodies using metal chelate affinity 
chromatography include traces of transferrin and albumin. 



5. METHOD DEVELOPMENT FOR THE DESIGN 
OF A SEPARATION PROCESS 

Production of antibodies using available expression tools (cells, 
transgenic animals, transgenic plants) requires numerous trials of cloning 
and expression to generate suitable antibody with appropriate biological 
specificity and affinity. Most generally, expression of a novel antibody is 
performed at very small scale and the level of expression is frequently low at 
this stage. Therefore the number of samples generated for antibody 
separation is high while the amount of available material for separation trials 
is very limited. 

In this respect it is difficult to figure out how to purify the expressed 
antibody from crude feedstock using liquid column chromatography. 
Common approaches for process development are to prepare different 
columns and then to run separations under multiple conditions. In this 
manner, it is possible to identify the appropriate parameters allowing capture 
of the antibody while leaving in the flow-through the maximum number of 
impurities. Determination of the purity of each chromatographic fraction or 
collected peak is then performed by classical electrophoresis methods or by 
analytical HPLC. This process is particularly time consuming and requires 
large volumes of crude feedstocks. 

In order to rapidly reach optimized conditions of separation, heuristics 
have been suggested [Ostlund, 1986; Bonneijea, 1986; Wheelwright, 1989]. 
However, they rarely consider composition of biological fluids, which is 
very critical since such fluids are very complex and variable, and as such, 
not subject to discretionary changes. 

Another approach in designing a process is to make separation mapping. 
This is best accomplished when employing automated chromatographs that 
make use of sophisticated software capable of elucidating ideal separation 
conditions from complex matrix combining different parameters [Lewis, 
1992; Patapoff, 1993]. Nevertheless, the selection of optimized separation 
condition is ultimately judged by an accurate electrophoresis analysis or 
HPLC data of collected fractions. 

Usually a process is decomposed in three main steps called initial 
capture, fractionation and final polishing. The capture of the antibody by 
biospecific interaction is an operation that does not generally require a great 
deal of effort for the definition of conditions. This is the case for instance of 
protein A resins. However, after this selective capture phase the separation 
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of remaining impurities is always challenging. An example of capture- 
fractionation-polishing is given on Figure 4. 1 . 

Recently, developments have been made in attempting to use 
functionalized surfaces associated with mass spectroscopy strategies towards 
the development of process chromatography protocols [Weinberger, 2002; 
Shiloach, 2003]. This method has been shown to be effective, facile, and 
rapid for the separation of antibody fragments and other proteins. The 
volume of sample is minimal (in the range of plitres) while clearly 

predicting optimal separation conditions directly implementable to 

chromatographic columns. These functionalized arrays are called “protein 
biochips”, and the adsorption-desorption of extremely small amounts of 
proteins can be evaluated directly by mass spectrometry. 

Briefly the process consists in a deposition of a protein mixture upon an 
array’s functionalized surface, an interaction occurs between the array’s 
surface and proteins, resulting in adsorption of certain species. The 

application of gradient wash conditions to the surface of these arrays 
produces a step-wise elution of retained compounds akin to that 

accomplished while utilizing columns for liquid chromatography 
separations. Retained proteins on the surface are then analyzed by mass 
spectrometry directly from the chromatographic surface. 

Several studies demonstrated that protein biochips can be used to identify 
conditions of pH and ionic strength that support selective retention/elution of 
target proteins and impurity components from ion exchange as well as 
IMAC and hydrophobic surfaces. Such conditions give corresponding 
behaviour when using chromatographic sorbents under elution 
chromatography conditions (Figure 4.4). 
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Figure 4.4. Mass spectrometry results using ProteinChip® Array technology for the 
determination of separation conditions of a mouse IgGl monoclonal antibody from a cell 
culture supernatant. Chromatographic surface supported quaternary amine groups. pH 8 was 
selected from a first pH screening study (A). At pH 8 different ionic strength conditions were 
tried (B) to obtain optimal loading conditions and desorption conditions: 0.15 M sodium 
chloride was selected (no presence of IgG but albumin was still adsorbed). Arrows indicate 
the positioning of IgG. 
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The methods involving chip chromatographic surfaces along with mass 
spectrometry analysis of retained proteins can therefore be used to predict 
conditions for regular chromatography. This method was applied to the 
separation of a Fab antibody fragment expressed in Escherichia coli 
[Weinberger, 2002] as well as to the separation of recombinant endostatin as 
expressed in supernatant of Pichia pastoris cultures [Shiloach, 2003]. This 
separation process design combined with mass spectrometry not only 
provides the definition of separation conditions, but also brings information 
of purity of the adsorbed molecules (identifiable by its molecular mass) 
avoiding thus the use of electrophoresis analysis. 

This approach can easily be utilized for devising the separation process 
of antibodies starting from very small volumes of crude feedstock. The first 
step is to select the protein chip array appropriate for the separation of the 
antibody. Once the chip surface is selected, the following operation consists 
of finding the best conditions of pH capable to discriminate between the 
target antibody and protein impurities. A second step will give data on the 
impact of ionic strength variations at the selected pH on conditions of 
adsorption and desorption that can be easily transferred to liquid column 
chromatography. 
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Figure 4.5. Separation of murine monoclonal immunoglobulin G1 from a cell culture 
supernatant containing albumin, transferrin and insulin on a Q HyperZ column. Selection of 
sorbent and of separation conditions of pH and of ionic strength were from predictive study 
on ProteinChip® Arrays (see Figure 4). Elution of proteins was accomplished by discrete 
increase of sodium chloride in a 50 mM Tris-HCl buffer, pH 8. “a” to “d” arrows indicate 
elution steps at respectively 75, 150, 200 and 400 mM sodium chloride. Insert represents SDS 
electrophoresis analysis of mixtures of IgG, albumin and insulin (1), crude cell culture 
supernatant (2) and eluted fraction at 75 mM sodium chloride (3). 
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Figure 4.5 illustrates an example of process development for the 
separation of antibodies from a cell culture supernatant. 

When the starting material is as complex as a serum with thousand of 
proteins, a pre-fractionation may be preferred before the definition of 
separation conditions. 



6. CONCLUSION AND FUTURE PROSPECTS 

For a number of years, disappointing therapeutic results prevented the 
commercial development of antibodies. On the contrary antibodies used in 
diagnostics developed extensively in diversity and applications. In spite of 
diminished enthusiasm in the therapeutically usable antibodies, more and 
more performant methodologies have been developed involving innovative 
approaches in the design of sorbents for chromatography. 

More recently, with the demonstration of spectacular results in therapy 
with humanized antibodies under their different forms, the separation 
activity around antibody production grew spectacularly. 

With the advent of an exponential growth in antibody-based applications, 
new production methods are under accelerated development. Fermentation 
capabilities have increased significantly, expression levels of cultured cells 
are improved and other production methods involving transgenic animals 
and plants are under investigation to increase the productivity. 

In this situation, extraction, separation and purification of antibodies will 
undoubtedly follow and evolve in parallel with the evolution of applications 
and of market needs. 

The design of an antibody purification process will consider, more than 
today, the final utilization of the molecule. For example, the degree of purity 
will not be the same if the antibody is to be used for research purposes, for 
diagnostic or for long term therapeutic applications. 

The process design should also consider the scale of the final process in 
order to meet economical requirements. 

When using chromatography, one of the major points to consider is 
related to the use of water. Liquid chromatography actually involves large 
volumes of aqueous buffers and a way to save part of them is to adjust 
conditions between columns so as to use similar buffers and to decrease the 
column volumes. Water savings can also be achieved by other different 
ways. Absence of dilution of original feedstocks is one direct possibility to 
save water consumption. However, to comply with this statement 
chromatography sorbents must be compatible with physiological ionic 
strength for antibody adsorption. This is the case with the use of affinity or 
pseudo-affinity capturing sorbents. Ion exchange would then be used as a 
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second separation step. Saving water consumptions can also be achieved by 
choosing high binding capacity and easily cleanable resins. 

Finally, since specific impurities are to be eliminated for regulatory 
reasons, the process design configuration must be part of a global approach. 
Compatibility from one column to another, thus eliminating the necessity to 
dialyze or to dilute, is an important source of economy as well. 

Specificity will more and more be a target to diminish the volumes of the 
columns required and consequent volumes of buffers. The last column, 
which is intended for polishing, should adsorb impurities instead of the 
antibody. In such a configuration the volume of the column will also be 
reduced in size. 

Another observed trend is the direct capture of antibodies from the crude 
feedstock in the presence of cells or cell debris. Feedstocks will come 
continuously directly from fermentors without the need of cell separation. In 
this configuration virtual filters may be placed on the top of the fermentor, or 
cells are pushed to travel through the beads of a column used as a fluidized 
bed mode. In both cases the bead surface is modified in such a way so that 
antibodies are adsorbed very specifically in physiological conditions but 
cells are not. 

Technologies converge unavoidably towards the design of sorbents with 
characteristics that are already defined. Selectivity is to be as good as 
biospecific interactions, binding capacity must be as high as ion exchangers, 
cleanability has to be absolute with strong caustic agents, leakage must not 
occur and cost of column must be as low as possible. In this context it is 
anticipated that the design of chromatographic material will continue to 
make progress. 
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1. INTRODUCTION 



Neutralizing antibodies play a major role in host defense against viral 
infections. Passive administration of antibodies specific for HTV-1 can 
protect monkeys from infections mediated by the HTV-1 envelope 
glycoprotein (Env) in a concentration dependent manner (Shibata et al., 
1999; Baba et al., 2000; Ruprecht et al., 2001; Xu et al., 2002; Veazey et al., 
2003; Burton, 2002; Ferrantelli and Ruprecht, 2002; Mascola et al., 1999; 
Mascola et al., 2000; Mascola, 2002; Parren et al., 2001). In some of these 
experiments human monoclonal antibodies (hmAbs) were used that exhibit 
potent and broad HTV neutralizing activity in vitro (Burton, 1997; Burton, 
2002; Ferrantelli and Ruprecht, 2002). Recent clinical trials found that two 
of these broadly HIV neutralizing hmAbs (nhmAbs), 2F5 and 2G12, could 
produce a modest decrease in viral load without side effects in humans 
(Armbruster et al., 2002; Stiegler et al., 2002). However, the potency of 2F5 
and 2G12 used in combination in this clinical trial was not sufficient to 
reduce the HTV-1 plasma RNA levels to the low levels observed after 
treatment with HAART (Stiegler et al., 2002). Increases in the potency of the 
currently available broadly HIV nhmAbs and the development of new 
neutralizing hmAbs might be helpful here although problems associated with 
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neutralization escape are likely to be severe in any attempts to use antibodies 
therapeutically. Importantly, finding immunogens that are able to elicit 
broadly HIV nhmAbs could be facilitated by the exploration of the 
interaction of these antibodies with the Env - an approach known as 
“retrovaccinology” (Burton, 2002). However, only a few broadly cross- 
reactive HTV nhmAbs have been identified to date and efforts to use 
mimetics of their epitopes or portions of the epitopes as immunogens are 
ongoing but of limited success so far (Zwick et al., 2001a). The 
identification of new broadly cross-reactive HIV nhmAbs and their 
conserved epitopes is therefore of obvious importance for the development 
of effective HIV vaccines. 

HIV specific polyclonal antibodies can be isolated from the serum of 
humans infected with HIV or immunized with HIV antigens, and 
monoclonal antibodies can be produced by hybridomas or identified by 
screening of phage display libraries (Parren and Burton, 1997). During the 
last decade the development and screening of libraries from displayed Fabs 
or scFvs linked to their genotype has become a major methodology for 
identification of high affinity hmAbs. One of the most potent and well 
characterized broadly HTV nhmAbs, IgGl bl2, that recognizes the gpl20 
subunit of the Env was identified by screening of a human antibody phage 
display library and shown to neutralize a variety of primary HIV-1 isolates 
(Burton et al., 1994). Recently, another broadly cross-reactive HTV nhmAb, 
Z13, that recognizes the gp41 subunit of the Env, was also identified by 
screening of an antibody phage display library (Zwick et al., 2001b). Only 
three other potent broadly HIV nhmAbs, 2G12, 2F5 and 4E10, have been 
described until recently. Here, we review our recent work on identification 
and characterization of new HIV-1 nhmAbs selected from phage display 
libraries that could contribute to the development of new treatments and 
vaccines against HTV. 



2. PHAGE DISPLAY METHODOLOGY 

Antibody fragments, as Fabs or single chain Fv (scFv), have been among 
the first proteins to be displayed on the surface of a filamentous 
bacteriophage (McCafferty et al., 1990). In antibody phage display, antibody 
V-gene repertoires are batch-cloned into the phage genome as a fusion to the 
gene encoding one of the phage coat proteins (pill, pVI or pVIII). Upon 
expression, the coat protein fusion is incorporated into new phage particles 
that are assembled in the periplasmic space of infected bacteria. Expression 
of the fusion product and its subsequent incorporation into the mature phage 
coat results in the surface-displayed recombinant antibodies, while its 
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genetic material resides within the phage particle. The connection between 
antibody genotype and phenotype allows the enrichment of phage particles 
specific for a given antigen using selection based on antigen-antibody 
interactions. The success of any specific antibody isolation depends largely 
on the antibody gene repertoire complexity, antibody display methodology, 
selection procedure (biopanning) and characterization of specific antibody 
clones (screening). 

2.1 Phage display libraries 

Antibody libraries can be produced either from antibody V-gene 
repertoires derived from human or animal donors or from synthetic or semi- 
synthetic antibody V-gene repertoires constructed in vitro. Libraries made 
from immunized animals (immune libraries) compared to libraries (naive 
libraries) obtained from antigen-naive animals are biased toward antibody 
genes encoding antibodies recognizing the target antigens (Marks et al., 
1991; Williamson et al., 1993b). Thus specific antibodies can be selected 
using a relatively small, random combinatorial V-gene library derived from 
an immunized donor (Clackson et al., 1991; Burton et al., 1991). ‘Naive’ 
libraries should have larger diversity (>10 10 clones) to isolate antibodies with 
affinity similar to those selected from relatively small libraries made from 
immunized donors. Antibodies from ‘naive’ repertoires can be produced 
against self-antigens and have relatively fast off-rates (Griffiths et al., 1993) 
that may require affinity maturation for improvement of binding (Schier et 
al., 1996c; Schier et al., 1996a; Schier et al., 1996b; Schier and Marks, 
1996). Antibodies to several antigens can also be selected from immune 
libraries, e.g., a single combinatorial library from an HIV-1 infected patient 
who had been exposed to other viruses was successfully used to generate 
human Fabs against a plethora of viruses including HIV-1, CMV, HSV-1, 
HSV-2, RSV, Rubella and varicella zoster (Williamson et al., 1993a). 
Human monoclonal Fabs to viral antigens have also been selected from 
combinatorial IgA libraries (Moreno et al., 1995) and IgM libraries (Toran et 
al., 1999). 

The first Fab phage display library used for selection of anti-HIV hmAbs 
was prepared from the bone marrow of a 31 -year-old homosexual HTV-1- 
infected male who had been asymptomatic for 6 years (Burton et al., 1991). 
One of the most potent and broadly HTV neutralizing hmAb Fab, bl2, was 
selected from this libraiy and later converted to IgGl that exhibited even 
higher neutralizing activity against primary isolates (Burton et al., 1994). 
Several other antibody libraries have been prepared from HTV- 1 -infected 
patients (Parren and Burton, 1997). An important consideration for selection 
of patients for preparation of antibody libraries is the existence of high titer 
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of potent and broadly HIV neutralizing antibodies in their serum. Two 
libraries were prepared from HIV seropositive donors (FDA2 and DS) 
whose serum was able to neutralize both T-cell line adapted viruses (TCLA) 
and selection of primary isolates (PI) (Vujcic and Quinnan, Jr., 1995; Parren 
et al., 1998). The binding of IgG from both patients to Env expressed at the 
surface of chronically infected cells (Moulard et al., 2000) was strong (Fig 
5.1). The binding of the FDA2 patient serum IgG was significantly higher 
than IgG prepared from a mixture of 25 patient immunoglobulins (HTVIg). 




Figure 5.1. Binding capacity of immunoglobulin preparations to infected cells. T-cell line H9 
was chronically infected with the TCLA X4 HIV-1 MN isolate. Infected cells were 
immunolabeled with purified IgGs from FDA2, DS or from a pool of sera (HIVIg) at the 
indicated concentrations. The amount of bound antibodies was measured by flow cytometry 
and represented in arbitrary units of mean fluorescence intensity. 

Purified immunoglobulins from FDA2 sera were also shown to bind to 
viral particles very efficiently in an assay described recently (Poignard et al., 
2003). Purified immunoglobulins from FDA2 and HTVIg were used and 
compared to anti-HTV-1 hmAbs for binding to the virus (Fig.5.2). Mabs 
IgGlbl2 (CD4-dependent), 2G12 (CD4-independent), and 17b (CD4- 
induced) were used as control. While the binding of the viral particle to 
IgGlbl2 was inhibited by CD4 preincubation with the virus, the binding to 
17b was enhanced by CD4 preincubation in the same experimental 
condition. As expected binding of the virus to the mAb 2G12 was 
unaffected. The amount of captured virus was more significantly increased 
with the FDA2 derived immunoglobulins than with the bulk from HTVIg. 
The results from the virus capture assay further argue for the presence of 
antibodies with high affinity for the HIV-1 gpl20. 
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Figure 5.2. Virus capture assay. HIV-Imm was captured on ELISA plates coated with goat 
anti-human IgG Fc-specific Ab and anti-gpl20 Abs or IgG from FDA2 or HIVIg serum. The 
quantity of p24 captured on the plate was measured as described in (Poignard et al., 2003). 

Taken together, the data supported the hypothesis that FDA2 serum 
contains high concentration of antibodies that are able to bind efficiently 
Envs. A phage display library from FDA2 was prepared by conventional 
procedures (Barbas et al., 2001) and used for selection of X5 as described 
below. Another library was constructed using bone marrow obtained from 
three long term nonprogressors whose sera exhibited the broadest and most 
potent HIV-1 neutralization among 37 HIV-infected individuals (T. Evans et 
al., in preparation) and used for selection of ml 2, 14, 16, 18 and 20 as 
summarized below. 

2.2 Biopanning 

An effective selection procedure is as important as antibody library 
construction for successful identification of high-affinity antibodies 
(Griffiths and Duncan, 1998). Selection of specific binders is usually 
performed by several cycles of incubation with the target antigen and 
amplification of the recombinant phage, a process referred as “biopanning”. 
Biopanning allows phage to associate with the target antigen followed by 
extensive washing to remove non-specifically bound phage, then elution of 
the remaining particles, and reinfection of E. coli to monitor the recovery. 
Amplification of the eluted phage, followed by repetition of the selection 
process, allows enrichment of specific-binding clones (Barbas, III et al., 
1991). Four to six rounds of panning are usually required to select phage of 
interest (Barbas et al., 2001). 




110 



Maxime Moulard et al 



Many different selection methods have been described, including 
biopanning on immobilized antigen coated onto solid supports such as 
ELISA plates, immunotubes or magnetic beads (solid-phase panning) 
(Clackson et al., 1991; Griffiths et al., 1994; Duenas et al., 1996; Marks et 
al., 1991; Sawyer et al., 1997), selection in solution using biotinylated 
antigen (solution-phase panning) (Hawkins et al., 1992), panning on fixed 
prokaryotic cells (Bradbury et al., 1993) or on mammalian cells (Cai and 
Garen, 1995) including cultured cells (Li et al., 2001) and primary cells 
(Ditzel et al., 2000; Williams et al., 2002), subtractive selection using sorting 
procedures, enrichment on tissue sections or pieces of tissue (de Kruif et al., 
1995; Van Ewijk et al., 1997) and, in principle, selections using living 
animals (Trepel et al., 2002). Solid-phase panning and solution phase 
panning are commonly used if purified antigen is available. The choice of 
selection procedure depends on the properties of the targets and antibodies to 
be isolated. Panning against target antigen coated on magnetic beads is a 
useful approach for selection of antibodies specific for membrane 
glycoproteins (Sawyer et al., 1997). Strategies including epitope masking or 
specific blocking were shown to improve the selection process (Ditzel, 2002; 
Ditzel et al., 1995; Messmer and Thaler, 2001). An automated screening 
procedure has also been described recently (Hallbom and Carlsson, 2002). 

In most cases one antigen is used in all rounds. Many viruses, including 
HIV, undergo rapid mutations as one of the strategies to escape host immune 
surveillance. To select for broadly cross-reactive antibodies recognizing 
conserved epitopes we hypothesized that selection of high-affinity antibodies 
against such epitopes can be facilitated by sequentially changing the antigen 
during the panning of phage display libraries and developed a methodology 
termed sequential antigen panning (SAP) (Zhang and Dimitrov, 2002, in 
preparation). This methodology was used for selection of new broadly HIV 
reactive hmAbs, m6,9,12,14,16,18 and 20, as described below. 



3. NEW HIV NEUTRALIZING HUMAN 
MONOCLONAL ANTIBODIES 



3.1 Antibodies Selected by Soluble Recombinant 
Monomeric gpl20AV3jRF L 

Recombinant gpl20AV3 from HIV-1 jr F l, a gpl20 which has been 
deleted for the V3-loop, was selected as target for the panning. A number of 
Fabs have been selected after five rounds of selection/amplification panning 
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of the FDA2 library on gpl20AV3jRFL and partially characterized. The 
CDR3 region of the heavy chains from positive clones 

Ia3 AKPTYYDMLSGRSRHYYYMDV 
Ia7 AAFRQWFGGLSGVFDS 

III 05 AKPSYYDMMSGRSRHY SYMDV 

11 116 DGSKWSRERKLFAPRARNFYYLD 

Ia4 GPNERHWGSYRALYFES 

Ib9 ASFRQWFGGLSGVFDS 

11117 AAFDQWFGGLSGVYDS 

Figure 5.3. CDR3 regions of Fabs selected from the panning of the FDA2 library with the 
gpl20AV3 JRFL 

were sequenced (Fig 5.3). Binding of these Fabs to both monomeric gpl20 
and trimeric gpl20 on chronically infected cells was of high affinity as 
estimated by ELISA and flow cytometry. Fabs Ia7 and Ia3 neutralized HxB2 
TCLA pseudotyped virus (Fig 5.4), but not Pis. Thus the most interesting 
Fab is probably Ia7 which has been further investigated. Fab Ia7 is directed 
against the CD4-BS on gpl20 as it does compete for the binding of the virus 
to IgGl bl2 (data not shown). 




Figure 5.4. Neutralization of the HxB2 TCLA pseudotyped virus. HxB2, a TCLA virus was 
pseudotyped using the luciferase reporter assay and assayed for neutralization with Ia3 and 
Ia7 Fabs. 



3.2 Antibodies Selected for Binding to gpl20jRFL-CD4- 
CCR5 Complexes 

HIV enters cells by binding to receptor molecules (CD4 and coreceptors, 
mainly CCR5 and CXCR4) which induce conformational changes in the Env 
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(Dimitrov, 2000). We hypothesized that these conformational changes could 
enhance the exposure of conserved epitopes that might be targets for broadly 
neutralizing antibodies (Dimitrov, 1996; Moulard et al., 2002). The FDA2 
library was panned on beads associated with CD4-gp 1 20-CCR5 complexes. 
A gpl20 specific Fab, X5, was selected after the fifth round of panning and 
was found to bind specifically to gpl20 with high affinity (in the nanomolar 
range (Moulard et al., 2002)). Neutralization experiments demonstrated the 
potent and broad neutralizing activity of Fab X5 comparable to that of IgGl 
bl2 for more than 40 primary HIV isolates tested (Fig 5.5 and data not 
shown). 




Figure 5.5. Neutralization of HIV-lHxB2 by the Fab X5 and IgGlbl2. H9 cells were infected 
in the presence of IgGlbl2 or Fab at indicated concentrations. Virus replication was assessed 
after 7 days by p24 ELISA measurement. 

Recently, X5 was crystallized, its structure determined, and its epitope 
localized by molecular docking and alanine scanning mutagenesis (Xinhua et 
al., in preparation). The X5 epitope is located close proximity to the CD4 
and coreceptor binding sites. The contact amino acid residues are highly 
conserved suggesting possible explanation for the breadth of neutralization. 



3.3 Antibodies Selected by Sequential Antigen Panning 
(SAP) 

We hypothesized that selection of high-affinity antibodies against 
conserved epitopes might be facilitated by sequentially changing the antigen 
during the panning of phage display libraries. We further hypothesized that 
the use of Env-CD4 complexes in combination with Envs alone as antigens 
may allow the identification of X5-like antibodies due to the highly 
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conserved nature of the X5 epitope, the X5 high affinity binding to Env 
alone and its increased binding to Env-CD4 complexes. Five new HIV- 
specific antibodies (ml 2, 14, 16, 18,20) were selected from an human Fab 
phage display library by using SAP against gpl40 8 9. 6 -sCD4, gpl40 niB -sCD4, 
gp 14089.6 and gpl40uiB followed by screening of individual clones with 
gp 1 40 8 9 6, gp 1 20 jr.pl and gpl40mB, and their complexes with sCD4 (Zhang 
et al., in preparation). Some of these antibodies (ml 4 and ml 8) bound to 
Envs from several HTV isolates with high (nM) affinity, and inhibited virus 
entry and membrane fusion mediated by Envs of selected primary HIV 
isolates; the neutralization activity of these and other antibodies for a larger 
panel of isolates is being evaluated. The results suggest that the SAP is 
effective and could be used for identification of antibodies to conserved 
epitopes on rapidly mutating viruses or cells. 

We used the same technology (SAP) in combination with random 
mutagenesis to further increase the breadth and potency of X5. Two scFvs 
(m6,9) were selected that exhibited several fold higher inhibitory activity to 
more than 30 primary HIV isolates compared to scFv and Fab X5 (Zhang et 
al., in preparation). These results may have implications for development of 
novel HIV inhibitors and vaccines. 



4. CONCLUSIONS 

Phage display methodology has been successfully used for selection of 
high-affinity, potent, broadly HIV-1 nhmAbs. X5 binds to its epitope with an 
affinity that is enhanced by the Env interaction with CD4 but is not affected 
by CCR5; Fab X5 exhibits potent and broad neutralizing activity. The 
potency and breadth of X5 neutralizing activity was further enhanced by 
using random mutagenesis in combination with SAP; two scFvs, m6 and m9, 
selected by this approach exhibited higher neutralization activity than Fab 
and scFv X5. SAP was also used for selection of five new hmAb Fabs, two 
of which, ml 4 and ml 8, bind to epitopes close to the CD4 binding site, and 
three Fabs, ml 2, ml 6 and m20, bind to epitopes which are exposed better 
after the gpl20 binding to CD4. The neutralizing activity of these antibodies 
is currently being evaluated. These results may have implications for 
development of novel HIV inhibitors and vaccines as well as for elucidation 
of the mechanisms of HIV entry into cells. 
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1. INTRODUCTION 

In recent years, the advent of new tumor-targeting vectors such as 
monoclonal or bispecific antibodies has resulted in the development of a new 
generation of therapeutic radiopharmaceuticals and an increasing research 
interest in this field. However, the emphasis in the overwhelming majority of 
such studies has been on efficacy in clinical conditions or in animal models 
of human cancers, and little consideration has been given to the effects of the 
combination of these antibodies and radiation therapy. 

The cell membrane has been known for some time to be a secondary 
target for ionizing radiation. It is also the source of cytokine receptors, such 
as those for epidermal growth factor (EGF) and tumor necrosis factor (TNF). 
These may be activated by ionizing radiation, thus provoking the pathways 
of mitogen-activated protein kinase (MAPK), phosphatidyl inositol-3 - 
phosphate kinase (PI3K), and MAPK8 activation (Schmidt-Ullrich et al., 
2000), which can modulate cell proliferation or death. 

TNFa is a multipotent cytokine produced mainly by activated 
macrophages. It was originally identified as a tumoricidal protein effecting 
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hemorrhagic necrosis of transplanted solid tumors in mice (Carswell et al., 
1975) but it has since been implicated in diverse biological processes 
including inflammation and immunoregulation, antiviral defense, endotoxic 
shock, cachexia, angiogenesis, and mitogenesis (Beutler & Cerami, 1988; 
Old, 1988). In addition to this wide range of biological activities is the 
ability to mediate cytotoxicity both in vitro (Sugarman et al., 1985) and in 
vivo (Carswell et al., 1975; Helson et al., 1979). The oxidative damage 
produced by TNFa may enhance cellular damage produced by ionizing 
radiation. The consistent use of a bispecific antibody to concentrate TNFa 
into tumors was the basis of our variety of works for radiosensitization with 
TNFa, and all the data are developed in part one of the present chapter. 

Preclinical and clinical studies associate EGF receptors overexpression 
with radioresistance (Balaban et al., 1996; Barker et al., 2001; Gupta et al., 
2002; Wollman et al., 1994). Consistent with the variety of mechanisms of 
EGF Receptors family member dysregulation, several approaches have been 
used for inhibition of these receptors. Cetuximab (Erbitux®) is an anti-EGFR 
antibody that blocks binding of EGF ligands to the EGFR, inhibiting EGFR 
activation, particularly activation because of autocrine stimulation (Baselga, 
2001). Trastuzumab (Herceptin®) is an anti-HER2 antibody. Although the 
mechanism of action is not entirely clear, the preponderance of evidence 
suggests that Herceptin® binds to HER2 homodimers that occur when HER2 
is overexpressed to the high levels seen with gene amplification, and 
accelerates downregulation of the receptors (Klapper et al., 1997). 
Investigations of the radiation response modulation by the EGF receptors 
inhibitors are described in the second part of this chapter. 



2. BISPECIFIC ANTIBODIES, CYTOKINES AND 
RADIATION THERAPY 

Efficient targeting and site specific actions of tumor therapeutics 
represent a major challenge in oncology, in particular for cytokine based 
therapeutic strategies because of their typically pleiotropic actions 
throughout the body. Antibody-directed targeting of cytokines is a promising 
first step to improve therapeutic efficacy and to limit their systemic side- 
effects after intravenous injections. 

In 1996, we evaluated the capability of a bispecific antibody (BAb) 
directed against carcinoembryonic antigen (CEA) and human tumor necrosis 
factor alpha (TNFa) to target this cytokine in tumors (Robert et al., 1996) 
(Figure 6.1). A BAb was constructed by coupling the Fab' fragments from an 
anti-CEA monoclonal antibody (MAb) to the Fab' fragments from an anti- 
TNFa MAb via a stable thioether linkage. The double specificity of the BAb 
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for CEA and TNFa was demonstrated using a BLAcore™ two-step analysis. 
The affinity constants of the BAb for CEA immobilized on a sensor chip and 
for soluble TNFa added to the CEA-BAb complex were as high as those of 
the parental MAbs (1.7 x 10 9 M' 1 and 6.6 x 10 8 M' 1 , respectively). The 




Figure 6.1. Bispecific antibodies (BAb) for cytokine targeting. 1/ BAb is composed with an 
arm directed against a tumor associated antigen (eg CEA) and one arm directed against the 
cytokine (eg TNFa). The BAb and the cytokine are pre-incubated before injection in the 
organism. 2/ The BAb-cytokine complex is targeted on CEA expressing tumor cells. 3/ 
TNFa can “jump” from the BAb to its receptor. 4/ Following binding on its receptor, 
TNFa can produce its whole physiological activity. Adapted from (Robert et al., 1996). 

radiolabeled 125 I-labeled BAb retained high immunoreactivity with both 
CEA and TNFa immobilized on a solid phase. In nude mice xenografted 
with the human colorectal carcinoma T380, the 125 I-labeled BAb showed a 
tumor localization and biodistribution comparable to that of !3I I-labeled anti- 
CEA parental F(ab ')2 with 25-30% of the injected dose (ID)/g tumor at 24 h 
and 20% ID/g tumor at 48 h. To target TNFa in the tumor, a two-step i.v. 
injection protocol was used first, in which a variable dose of 125 I-labeled 
BAb was injected, followed 24 or 48 h later by a constant dose of 131 I- 
labeled TNFa (1 pg). Mice pretreated with 3 pg of BAb and sacrificed 2, 4, 
6, or 8 h after the injection of TNFa showed a 1 .5- to 2-fold increased 
concentration of 131 I-labeled TNFa in the tumor as compared to control mice 
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receiving TNFa alone. With a higher dose of BAb (25 pg), mice showed a 
better targeting of TNFa with a 3.2-fold increased concentration of l31 I- 
labeled TNFa in the tumor: 9.3% versus 2.9% ID/g in control mice 6 h after 
TNFa injection. In a one-step injection protocol using a premixed BAb- 
TNFa preparation, similar results were obtained 6 h post-injection (3.5-fold 
increased TNFa tumor concentration). A longer retention time of TNFa was 
observed leading to an 8.1-fold increased concentration of TNFa in the 
tumor 14 h postinjection (4.4 versus 0.5% ID/g tumor for BAb-treated and 
control mice, respectively). These results showed that our BAb was able to 
localize in a human colon carcinoma and, therefore, to immunoabsorb the 
i.v.-injected TNFa, leading to its increased concentration at the tumor site. 




Figure 6 2. Kaplan-Meier survival curves obtained as a function of time for all groups: Group 
1: Dotted line (X) no treatment (22 days); Group 2: Dotted line ( 0 ) TNFa (22 days); Group 
3; Dotted line (O) BAb (26 days); Group 4: Dotted line (□) BAb + TNFa (22 days); Group 
5: Solid line (A) RT (57 days); Group 6: Solid line ( 0 ) RT + TNFa (61 days); Group 7: Solid 
line (□) RT + TNFa + BAb (67 days). All mice were sacrificed when the xeno-transplants 
reached this volume. The number in parentheses corresponds to the median delay (time taken 
for the tumor to reach a volume of 2000 mm 3 in 50% of the mice). Reproduced with 
permission from (Azria et al., 2003a). 

More recently, we co-injected this BAb with TNFa in pre-clinical 
models to enhance radiation tumor responses (Azria et al., 2003a). It has 
been known for many years that TNFa interacts with radiation to enhance 
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killing of some human tumor cell lines in vitro with additive or synergistic 
effect at a TNFa concentration that produces cytotoxicity in 10% of cells 
(Hallahan et al., 1990). In our study, we found that TNFa enhanced 
significantly radiation-induced cell death in several digestive tumor cells, 
particularly if cells were very sensitive to TNFa used alone (Azria et al., 
2003b). Our experimental results were plotted within the envelope of 
additivity near the mode II line and demonstrated a simple additive effect of 
the combination. In addition, the isobologram analysis suggests that 
radiotherapy (RT) and TNFa act in the same way either in colon cancer 
model (LS174T) or in the pancreatic cell line (BxPC-3). 

In vivo, in LS174T and BxPC-3 xenografts, RT as a single agent slowed 
tumor progression as compared to control group. In LS 1 74T model, TNFa- 
RT combination enhanced the delay to reach 2000 mm 3 as compared to RT 
alone but with no statistical difference. This delay was significantly longer 
when BAb was added (Figure 6.2). In BxPC-3 experiments, median delay to 
reach 2000 mm 3 was similar between RT and TNFa-RT groups. The use of 
our BAb in combination with TNFa and RT dramatically enhanced this 
median delay (Figure 6.3). 

Because of the pleiotropic effect of TNFa, the effects of TNFa on the 
immune system must be considered. These studies will be performed in an 
immunocompetent animal model. However, many published data concerning 
nude mice experiments have shown that TNFa and RT may enhance the 
therapeutic efficacy of RT in tumor xenograft models (Gridley et al., 1997; 
Gridley et al., 1994; Nishiguchi et al., 1990; Sersa et al., 1988). These results 
support the fact that in vivo interactions between TNFa and RT may also be 
explained by nonimmunological phenomenon such as the involvement of 
endothelial cell integrin avP3 in the disruption of the tumor vasculature by 
TNFa (Ruegg et al., 1998) that could further promote RT local action. 
Nevertheless, we did not show significant improvement of TNFa and RT 
combination as compared to RT alone in our models (LS174T and BxPC-3 
xenografts) probably due in part to a poor tumor uptake of free injected 
TNFa. These results reinforce our hypothesis that an anti-CEA/anti-TNFa 
BAb can concentrate TNFa in a CEA-expressing tumor to improve RT and 
finally to keep a large differential effect between tumor and normal tissues. 

Our data could be used as a solid preclinical rationale on which to base a 
clinical study in locally advanced pancreatic cancers in the near future. The 
use of a chimeric or a humanized bispecific antibody anti-CEA/anti-TNFa 
will reduce the risk of development of human anti-murine antibody (HAMA) 
reaction. 
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Figure 6.3. Kaplan-Meier survival curves obtained as a function of time for all groups: Group 
1: Dotted line (O) no treatment (65 days); Group 2: Dotted line (0) TNFa (62 days); Group 
3: Dotted line (X) BAb (72 days); Group 4: Dotted line (□) BAb + TNFa (65 days); Group 
5: Solid line (A) RT (93 days); Group 6: Solid line (0) RT + TNFa (93 days); Group 7: Solid 
line (□) RT + TNFa + BAb (177 days). All mice were sacrificed when the xeno-transplants 
reached a volume of 2000 mm 3 . The number in parentheses corresponds to the median delay 
(time taken for the tumor to reach a volume of 2000 mm 3 in 50% of the mice). Adapted from 
Azria et al, 2004. 



3. MONOCLONAL ANTIBODIES AGAINST 

EPIDERMAL GROWTH FACTOR RECEPTORS: 
RADIATION RESPONSE MODULATORS 

Growing evidence suggests that epidermal growth factor (EGF) family 
(HER) receptors play a significant role in radiation response. Promising 
results have been obtained in experimental studies assessing the combined 
use of EGF receptor inhibitors and RT. Based on these data, a number of 
clinical trials were started. 
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Figure 6.4. Intra-cellular serialization network of HER family receptors: AR, amphiregulin; 
ER, epiregulin; TGFa, tumor growth factor alpha; EGF, epidermal growth factor; NDF,neu 
differentiation factor; NG, neuregulin; PLC-y, phospholipase C y; DAG, diacylglycerol; PKC, 
protein kinase C; GRB, growth factor receptor bound protein; SOS, son of sevenless; MEK, 
mitogen-activated-protein/extracellular signal-regulated kinase; MAPK, mitogen-activated 
protein kinase; PI3-K, phosphatidyl inositol-3 -phosphate kinase; AKT, protein kinase B. 

3.1 EGF receptor family (or HER) 

Four transmembrane EGF receptors are known: HERl/EGFR, HER2, 
HER3, and HER4 (Carpenter & Cohen, 1990). HER1 and HER2 are 
increasingly used as therapeutic targets in association with ionizing 
radiation. 

These receptors have three domains: (i) an extracellular domain, which is 
situated at the aminoterminal end permitting the detection and fixation of a 
specific ligand; (ii) a transmembrane hydrophobe domain, which realizes the 
anchoring of receptor in the cell membrane; and (iii) an intracytoplasmic 
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domain, which includes an enzymatic tyrosine kinase containing the fixation 
sites of ATP and proteic substrates to be phosphorylated, and a carboxy- 
terminal domain regulating the receptor activity and autophosphorylation 
(van der Geer et al., 1994; Yarden & Ullrich, 1988). 

HER1 and HER2 exist in chemically inactive monomer form or in 
chemically active dimer form. Dimerization can take place between different 
receptors in order to develop homologue (homodimers) or heterologue 
(heterodimers) dimers (Alroy & Yarden, 1997). The tyrosine kinase site of 
the HER3 receptor does not seem to be active (Guy et al., 1994). Several 
ligands have been described, and they create a cascade of intracellular 
signals following fixation on their respective receptors. Transforming growth 
factor a (TGFa) seems to be the most common ligand among the six 
described ones (TGFa, EGF, p-cellulin, epiregulin, amphiregulin, and 
heparin-binding EGF). To our knowledge, no ligand could be identified for 
the FIER2 receptor (Yarden, 2001). Transduction signals are created after 
fixation of respective ligands, and dimerization of the receptors are 
developed by autophosphorylation of intracellular tyrosine-dependent 
catalytic domain. Residual phosphorylated tyrosine becomes an anchoring 
point for several cytoplasmic protein domains such as SH2, Src homology 
domain 2 (Tse et al., 1997). 

Proteins like phospholipase C-y (PLC-y), phosphatidylinositol-3 ’-kinase 
(PI-3K), GTPase activating protein (GAP), and SH2 containing protein 
(SHC) surround activated receptors and, therefore, induce intracellular signal 
cascades where intermediate proteins like Ras, Raf, and mitogen-activated 
protein kinase (MAPK) are involved (Chen et al., 1998; Franke et al., 1997; 
Hynes & Stem, 1994; Janes et al., 1994; Ram & Ethier, 1996; Ullrich & 
Schlessinger, 1990). In a normal cell, EGF receptor activity is strictly 
regulated via positive and negative stimulation signals (Moghal & Sternberg, 
1999). In cancer cells, numerous mechanisms can activate the PI-3K or 
MAPK pathways such as (i) receptor overexpression, (ii) increased ligand 
concentration, (iii) decreased phosphatase activity, and (iv) presence of 
abnormal receptors such as EGFRvIII, which prevents the fixation of ligands 
(Moscatello et al., 1998; Voldborg et al., 1997). In either normal or 
malignant cells, the activation of EGF receptor cascades may have multiple 
consequences. Cell growth, differentiation, and proliferation are stimulated 
by the activation of nuclear proteins such as cyclin Dl, which regulates the 
passage from the G1 phase to the S phase (Perry et al., 1998). The inhibition 
of cellular proliferation by an anti-EGF monoclonal antibody is 
characterized by a G1 arrest and, therefore, induction of apoptosis (Wu et al., 
1995; Wu et al., 1996). The cellular differentiation and/or proliferation 
capacity depends not only on the cell type but also on the intensity and the 
duration of activation of the MAPK transduction pathway. Thus, a short 
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activation of cellular growth factors results with an increase in cellular 
proliferation via increased cyclin D1 expression and, therefore, progression 
towards the G2/M phase. However, paradoxally, prolonged exposition to the 
same growth factors results with decreased DNA synthesis. This latter is 
probably related to the induction of p21 CIFM/WAF! , a protein responsible for the 
G1 arrest in the cell cycle (Auer et al., 1998; Tombes et al., 1998). 

EGF receptor cascades may also promote malignant transformation, 
angiogenesis, and/or metastatic dissemination (Allred et al., 1992; Hudziak 
et al., 1987). Malignant cells escape the inhibition of proliferation process by 
the overexpression of EGF receptor family members; e.g., when HER2 is 
overexpressed, its activation is possible via dimerization and autoactivation, 
even without any stimulus (Di Fiore et al., 1987; Ignatoski et al., 1999). This 
overexpression is characterized by uncontrolled cell proliferation and 
malignant transformation, including either in vitro colony forming capacity 
or development of new tumors in nude mice (Bishop, 1991; Dougall et al., 
1994; Lin et al., 1995). 

The use of anti-EGF-R antibodies results in decreased VEGF expression 
in culture and in vivo, and reduction in tumor growth (Perrotte et al., 1999). 
An increased level and/or activity of EGFR and HER2 seem to increase the 
metastatic potential of malignant cells (Allred et al., 1992; Radinsky et al., 
1995). Limited clinical experience revealed that overexpression of FIERI or 
HER2 in tumors resulted in increased local recurrence rate, decreased overall 
and disease-free survival, and increased lymph node infiltration (Berger et 
al., 1988; Nicholson et al., 2001). HER1 or HER2 receptor blockage using 
monoclonal antibodies has been shown to be efficient in terms of decreased 
metastatic potential in a number of animal (Naramura et al., 1993; Zolfaghari 
& Djakiew, 1996) and human studies (Cobleigh et al., 1999). 

3.2 Monoclonal antibodies as HER1 and HER2 
inhibitors 

There is an increasing number of experimental and clinical evidence that 
EGF receptor family members or their ligands constitute an important target 
in the treatment of cancer. The use of EGF receptor inhibitors such as 
monoclonal antibodies (MAb) seems to be promising. 

MAbs bind generally the extracellular domain of the EGF receptor, and 
block the fixation of the ligand to its receptor and, therefore, intracellular 
signalling cascade (Baselga & Albanell, 2001; Ciardiello & Tortora, 2001; 
Slichenmyer & Fry, 2001). At present, a number of MAbs are used in the 
experimental and clinical studies (Slichenmyer & Fry, 2001). Among them, 
only Trastuzumab (Herceptin®) and Cetuximab (Erbitux®) are used in 
preclinical or clinical studies together with radiation therapy. 
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3.2.1 Cetuximab (Erbitux®) 

Cetuximab (Erbitux®) is a chimeric monoclonal antibody obtained by 
replacing the constant domains of the 225 murine monoclonal antibody by 
those of a human IgGl (Goldstein et al., 1995; Naramura et al., 1993). This 
structure was developed in order to produce significantly less anti-murine 
human antibodies. Cetuximab, by blocking specifically HER1, prevents 
ligand fixation, receptor heterodimerization, and intracellular signal 
activation (Huang & Harari, 1999). Cetuximab inhibits cellular proliferation, 
promotes apoptosis and G1 phase arrest (Huang et al., 1999; Peng et al., 
1996; Wu et al., 1995). It also inhibits angiogenesis (Perrotte et al., 1999; 
Petit et al., 1997), therefore, metastatic potential (Naramura et al., 1993; 
Perrotte et al., 1999). A number of preclinical animal studies demonstrated 
encouraging results in terms of volume decrease in tumor xenotransplants 
(Aboud-Pirak et al., 1988; Prewett et al., 1998; Schnurch et al., 1994; 
Teramoto et al., 1996), which permitted the start-up of several phase I-II 
human studies using Cetuximab as monotherapy or in combination with 
other chemotherapeutic agents (Baselga, 2001; Baselga et al., 2000). 

3.2.2 Trastuzumab (Herceptin®) 

Trastuzumab, a humanized antibody, is a result of the combination of a 
human IgGl (95%) and the HER2 antigen binding site of the murine 4D5 
(5%) antibody (Carter et al., 1992). Antitumoral activity of trastuzumab, 
alone or in combination with other drugs, has been largely reported in 
preclinical studies (Baselga et al., 1998; Tokuda et al., 1996). Trastuzumab 
(i) permits receptor homodimerization and autophosphorylation without 
activating intracellular signals, and this first step could have a negative 
feedback effect on the number of HER2 receptors on the cellular membrane 
(Sliwkowski et al., 1999); (ii) prevents the formation of HER2-HER3 and 
HER2-HER4 heterodimers (Klapper et al., 1997); (iii) promotes actively G1 
phase cell cycle arrest by the induction of p27 protein (Lane et al., 2001; 
Sliwkowski et al., 1999), and shortens the S phase (Sliwkowski et al., 1999); 
(iv) inhibits angiogenesis (Izumi et al., 2002; Petit et al., 1997); and (v) 
induces antibody-dependent cellular cytotoxicity (ADCC) (Clynes et al., 
2000), activates the complement (Jurianz et al., 1999) and, therefore, 
stimulates the HER2-specific class I cytotoxic activity of CD8 T- 
lymphocytes (zum Buschenfelde et al., 2002). 

Several phase I and II clinical studies assessed the pharmacokinetics, the 
toxicity, the maximal tolerable dose, and the efficacy of trastuzumab in 
metastatic breast cancer patients (Baselga et al., 1996; Cobleigh et al., 1999; 
Pegram et al., 1998; Shak, 1999). A recently published phase III study 
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revealed the beneficial effect of trastuzumab as a first line treatment 
combined with chemotherapy in metastatic breast cancer (Slamon et al., 
2001 ). 



3.3 Anti-HERl and -HER2 MAbs and radiotherapy 

Ionizing radiation produces several types of cellular response via 
activation of multiple transduction pathways resulting with cell death, 
differentiation, or proliferation. This response depends mainly on cell type, 
irradiation dose, or cell-culture conditions (Carter et al., 1998; Chmura et al., 
1997; Haimovitz-Friedman, 1998; Kavanagh et al., 1998; Santana et al., 
1996; Schmidt-Ullrich et al., 1997; Xia et al., 1995). Following irradiation, 
the MAPK pathway was recently reported to be a cellular “SOS” signal 
initiator starting from EGF receptors (Schmidt-Ullrich et al., 1997). MAPK 
pathway activation via HER1 receptors was reported in many malignant 
human cell lines (Carter et al., 1998; Kavanagh et al., 1998; Schmidt-Ullrich 
et al., 1997). This activation is similar to the one produced by physiological 
concentrations of EGF (0.1 nM), and seems to act as a radioprotector 
(Balaban et al., 1996; Goldkom et al., 1997; Kavanagh et al., 1998; Schmidt- 
Ullrich et al., 1997). The activation of MAPK pathway includes also the 
activation of phospholipase y (PLCy) and protein kinase C (PKC)/Ras/Raf 
complex (Dent et al., 1995; Ghosh et al., 1996; Marais et al., 1995). 
Moreover, MAPK activation following ionizing radiation have many 
consequences which can be contradictory. The ability of cell-cycle G2 arrest 
inhibition following irradiation depends on MAPK cascade activation, and 
seems to be superior when cells express high levels of RAF 1 proto-oncogene 
(Abbott & Holt, 1999; Warenius et al., 1996). This decrease in radiation- 
induced G2 arrest would authorize the passage of many cells with DNA 
damage into mitosis and, therefore, a loss in their clonogenic potential. 
Furthermore, an increase in radiation-induced p2 l cn> ' 1/WAFl protein, and a 
transitory G1 arrest were recently reported to be related to the same 
activation pathway resulting with a slow-down in cell-cycle progression and, 
therefore, DNA repair (Carter et al., 1998). These findings support the 
positive and negative role of MAPK signal pathway following irradiation in 
the down regulation of cell cycle in cancer cells. The conversion of a 
radioresistant cell phenotype to a more radiosensible phenotype is reported 
in a glial tumor cell-line transformed by functional inhibition of the MAPK 
signalization pathway (O'Rourke et al., 1998). Moreover, it has been recently 
shown that EGF-receptor and MAPK signal pathway activation following 
ionizing radiation depends on the proteolytic clivage of TGFa precursor and 
functional activation of autocrine TGFa (Dent et al., 1999). 
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STAT-3 signal pathway activation by phosphoiylation via EGF receptors 
can be initiated by ionizing radiation, and it results with a radioprotective 
effect by apoptosis inhibition (David et al., 1996; Grandis et al., 2000; Park 
et al., 1996). The use of Cetuximab (1 pg/ml) alone or combined with 
radiation therapy (4 Gy) results with a major reduction in phosphoiylated 
STAT-3 and, therefore, an augmentation of apoptosis (Bonner et al., 2000b). 

An inverse relation between the number of EGF receptors and tumor 
radiocurability is reported in several murine cell lines. In these models, 
radiation-induced apoptosis was decreased when important levels of EGF 
receptor were expressed on the cells (Akimoto et al., 1999). Clinical 
consequences of these findings would be tailoring treatment according to a 
simple predictive assay of radiosensitivity based on the EGF-receptor 
expression. Moreover, tumor repopulation between the two fractions of 
radiation therapy may be considered as a consequence of EGF-receptor 
activation (Schmidt-Ullrich et al., 1997) and, therefore, would be depending 
on inhibitor agents such as anti-EGF-R monoclonal antibodies. 

3.3.1 Cetuximab (Erbitux®) and radiotherapy 

Based on the radiobiological issues discussed above, the association of 
radiation therapy and Cetuximab was tested in several in vitro and in vivo 
studies (Bianco et al., 2000; Huang & Harari, 1999; Huang & Harari, 2000; 
Milas et al., 2000; Saleh et al., 1999). 

Cetuximab inhibits radiation-induced sublethal or potentially lethal 
damage repair in squamous-cell carcinoma cell lines derived from human 
oropharyngeal cancer (SCC-13Y, SCC-1, and SCC-6). This inhibition is a 
consequence of the nuclear reduction in DNA-PK (enzyme functioning in 
the complex multiproteic repair of radiation-induced lesions) (Huang & 
Harari, 2000). 

In vivo, the association of Cetuximab with radiation therapy decreases 
not only the expression of several factors active in angiogenesis, i.e. VEGF, 
but also the diameter of small vessels (Huang & Harari, 2000). Several data 
on different animal models (squamous-cell carcinoma of the oropharynx, 
adenocarcinoma of the colon or ovaries) confirmed significant reduction of 
tumor volume following xenografts on nude mice in the groups using the 
combination of Cetuximab and radiation therapy (Bianco et al., 2000; 
Buchsbaum et al., 2002; Huang & Harari, 2000; Milas et al., 2000; Nasu et 
al., 2001; Saleh etal., 1999). 

The first phase I/II clinical studies are actually on-going. Bonner et al 
(Bonner et al., 2000a) presented in an abstract form one of the first phase I/II 
clinical trials including 15 patients with head and neck squamous-cell 
carcinoma. In this study, RT was delivered using either standard 
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fractionation (70 Gy / 35 fractions / 7 weeks) or hyperfractionated RT (74.4 
Gy/62 fractions/7 weeks). By progressively increasing the Cetuximab dose, 
the maximum tolerable dose (MTD) was found to be 400 mg/m 2 as an 
induction dose, and the maintenance dose 250 mg/m 2 /week (Bonner et al., 
2000b). The authors obtained 13 complete and 2 partial responses out of 15 
patients. After two years 9 of 15 patients were still locoregionally controlled 
(Bonner et al., 2000a). Because of these encouraging results, a phase III 
study comparing RT alone and RT + Cetuximab was conducted between 
1999 and 2001. Final results will not be published before late 2004. 

3 3.2 Trastuzumab (Herceptin*) and radiotherapy 

Trastuzumab has been tested in combination with RT on a breast cancer 
cell line with important HER2 expression (MCF-7/HER2) (Pietras et al., 
1999). This association permits, using an in vitro clonogenic assay, to 
radiosensitize this cell line known to be relatively resistant. 
Radiosensitization is thought to be a consequence of decreased DNA-repair 
capacity of radiation-induced lesions by Trastuzumab. In vivo studies 
showed that by transplanting these tumor cells to nude mice, the use of 
Trastuzumab (3 injections of 30 mg/kg 4 h after RT) together with RT (4x4 
Gy) decreased significantly tumor progression (Pietras et al., 1999). Similar 
in vitro results have been obtained on other cell lines of head and neck or 
ovarian origin (Schmidt et al., 2001; Stackhouse et al., 1998; Uno et al., 
2001 ). 



4. CONCLUSION 

Monoclonal antibodies against members of the EGFR family and 
bispecific antibodies targeting cytokines such as TNFa constitute attractive 
biological response modifiers which can be combined to radiotherapy. 
Future studies could make a bridge between these two families of molecules 
based on the results obtained by (i) Hudziak et al. demonstrating that anti- 
HER2 MAbs sensitize human breast cancer cells to TNFa (Hudziak et al., 
1989) and (ii) Hambek et al. who demonstrated using 1060 different 
xenotransplants that TNFa sensitizes low EGFR-expressing carcinomas for 
anti-EGFR MAb therapy (Hambek et al., 2001). 

Combination of these antibodies with conventional therapies such as 
radiation is an evidence that they are now filling a growing place in the 
treatment of cancer patients. 




132 



David Azriaet al 



REFERENCES 

Abbott, D.W. & Holt, J.T. (1999). Mitogen-activated protein kinase kinase 2 activation is 
essential for progression through the G2/M checkpoint arrest in cells exposed to ionizing 
radiation. J Biol Chem , 274, 2732-42. 

Aboud-Pirak, E., Hurwitz, E., Pirak, M.E., Bellot, F., Schlessinger, J. & Sela, M. (1988). 
Efficacy of antibodies to epidermal growth factor receptor against KB carcinoma in vitro 
and in nude mice. J Natl Cancer Inst , 80, 1605-11. 

Akimoto, T., Hunter, N.R., Buchmiller, L., Mason, K., Kian Ang, K. & Milas, L. (1999). 
Inverse relationship between epidermal growth factor receptor expression and 
radiocurability of murine carcinomas. Clin Cancer Res , 5, 2884-2890. 

Allred, D.C., Clark, G.M., Molina, R., Tandon, A.K., Schnitt, S.J., Gilchrist, K.W., Osborne, 
C.K., Tormey, D.C. & McGuire, W.L. (1992). Overexpression of HER-2/neu and its 
relationship with other prognostic factors change during the progression of in situ to 
invasive breast cancer. Hum Pathol , 23, 974-9. 

Alroy, I. & Yarden, Y. (1997). The ErbB signaling network in embryogenesis and 

oncogenesis: signal diversification through combinatorial ligand-receptor interactions. 
FEBS Lett, 410, 83-6. 

Auer, K.L., Park, J.S., Seth, P., Coffey, R.J., Darlington, G., Abo, A., McMahon, M., 
Depinho, R.A., Fisher, P.B. & Dent, P. (1998). Prolonged activation of the mitogen- 
activated protein kinase pathway promotes DNA synthesis in primary hepatocytes from 
p21Cip-l/WAFl-null mice, but not in hepatocytes from pl6INK4a-null mice. Biochem J , 
336, 551-60. 

Azria, D., Dorvillius, M., Gourgou, S., Martineau, P., Robert, B., PugniSre, M., Delard, R., 
Ychou, M., Dubois, J.B. & Pelegrin, A. (2003a). Enhancement of radiation therapy by 
tumor necrosis factor alpha in human colon cancer using a bispecific antibody. Int J 
Radiat Oncol Biol Phys , 55, 1363-73. 

Azria, D., Larbouret, C., Martineau, P., Robert, B., Aill£res, N., Ychou, M., Dubois, J.B. & 
Pelegrin, A. (2003b). A Bispecific antibody against tumor necrosis factor alpha and 
carcinoembryonic antigen (CEA) to enhance radiation therapy in CEA-expressing 
digestive tumors .Int J Radiat Oncol Biol Phys, In Press. 

Azria, D., Labouret, C., Garambois, V., Kramar, A., Martineau, P., Robert B., Ailleres, N., 
Ychou, M., Dubois, J., & Pelegrin, A., (2004). Potentiation of ionising radiation by 
targeting tumour necrosis factor alpha using a biospecific antibody in human pancreatic 
cancer: Brit J Cancer , In press 

Balaban, N., Moni, J., Shannon, M., Dang, L., Murphy, E. & Goldkom, T. (1996). The effect 
of ionizing radiation on signal transduction: antibodies to EGF receptor sensitize A43 1 
cells to radiation. Biochim Biophys Acta, 1314, 147-56. 

Barker, F.G., 2nd, Simmons, M.L., Chang, S.M., Prados, M.D., Larson, D.A., Sneed, P.K., 
Wara, W.M., Berger, M.S., Chen, P., Israel, M.A. & Aldape, K.D. (2001). EGFR 
overexpression and radiation response in glioblastoma multiforme. Int J Radiat Oncol 
Biol Phys, 51,410-8. 

Baselga, J. (2001). The EGFR as a target for anticancer therapy— focus on cetuximab. EurJ 
Cancer, 37 Suppl 4, S 16-22. 

Baselga, J. & Albanell, J. (2001). Mechanism of action of anti-HER2 monoclonal antibodies. 
Ann Oncol, 12, S35-41. 




Antibodies in combination with radiotherapy for cancer therapy 



133 



Baselga, J., Norton, L., Albanell, J., Kim, Y.M. & Mendelsohn, J. (1998). Recombinant 
humanized anti-HER2 antibody (Herceptin) enhances the antitumor activity of paclitaxel 
and doxorubicin against HER2/neu overexpressing human breast cancer xenografts. 
Cancer Res, 58, 2825-3 1 . 

Baselga, J., Pfister, D., Cooper, M.R., Cohen, R., Burtness, B., Bos, M., D* Andrea, G., 
Seidman, A., Norton, L., Gunnett, K., Falcey, J., Anderson, V., Waksal, H. & 
Mendelsohn, J. (2000). Phase I studies of anti-epidermal growth factor receptor chimeric 
antibody C225 alone and in combination with cisplatin. J Clin Oncol , 18, 904-14. 

Baselga, J., Tripathy, D., Mendelsohn, J., Baughman, S., Benz, C.C., Dantis, L., Sklarin, N.T., 
Seidman, A.D., Hudis, C.A., Moore, J., Rosen, P.P., Twaddell, T., Henderson, I.C. & 
Norton, L. (1996). Phase II study of weekly intravenous recombinant humanized anti- 
pi 85HER2 monoclonal antibody in patients with HER2/neu-overexpressing metastatic 
breast cancer. J Clin Oncol, 14, 737-44. 

Berger, M.S., Locher, G.W., Saurer, S., Gullick, W.J., Waterfield, M.D., Groner, B. & Hynes, 
N.E. (1988). Correlation of c-erbB-2 gene amplification and protein expression in human 
breast carcinoma with nodal status and nuclear grading. Cancer Res, 48, 1238-43. 

Beutler, B. & Cerami, A. (1988). The history, properties, and biological effects of cachectin. 
Biochemistry, 27, 7575-82. 

Bianco, C., Bianco, R., Tortora, G., Damiano, V., Guerrieri, P., Montemaggi, P., Mendelsohn, 
J., De Placido, S., Bianco, A.R. & Ciardiello, F. (2000). Antitumor activity of combined 
treatment of human cancer cells with ionizing radiation and anti-epidermal growth factor 
receptor monoclonal antibody C225 plus type I protein kinase A antisense 
oligonucleotide. Clin Cancer Res, 6, 4343-50. 

Bishop, J.M. (1991). Molecular themes in oncogenesis. Cell, 64, 235-48. 

Bonner, J.A., Ezekiel, M.P., Robert, F., Meredith, R.F., Spencer, S.A. & Waksal, H.W. 
(2000a). Continued response following treatment with IMC-C225, an EGFr MoAb, 
combined with RT in advanced head and neck malignancies. In Proc ASCO, Vol. 19 (5F). 
pp. 4a. 

Bonner, J.A., Raisch, K.P., Trummell, H.Q., Robert, F., Meredith, R.F., Spencer, S.A., 
Buchsbaum, D.J., Saleh, M.N., Stackhouse, M.A., LoBuglio, A.F., Peters, G.E., Carroll, 
W.R. & Waksal, H.W. (2000b). Enhanced apoptosis with combination C225/radiation 
treatment serves as the impetus for clinical investigation in head and neck cancers. J Clin 
Oncol, 18, 47S-53S. 

Buchsbaum, D.J., Bonner, J.A., Grizzle, W.E., Stackhouse, M.A., Carpenter, M., Hicklin, 
D.J., Bohlen, P. & Raisch, K.P. (2002). Treatment of pancreatic cancer xenografts with 
Erbitux (IMC-C225) anti- EGFR antibody, gemcitabine, and radiation. IntJ Radiat Oncol 
Biol Phys, 54, 1180-93. 

Carpenter, G. & Cohen, S. (1990). Epidermal growth factor. JBiol Chem, 265, 7709-12. 

Carswell, E.A., Old, L.J., Kassel, R.L., Green, S., Fiore, N. & Williamson, B. (1975). An 
endotoxin-induced serum factor that causes necrosis of tumors. Proc Natl Acad Sci USA, 
72, 3666-70. 

Carter, P., Presta, L., Gorman, C.M., Ridgway, J.B., Henner, D., Wong, W.L., Rowland, 
A.M., Kotts, C., Carver, M.E. & Shepard, H.M. (1992). Humanization of an anti- 
pi 85HER2 antibody for human cancer therapy. Proc Natl Acad Sci USA, 89, 4285-9. 

Carter, S., Auer, K.L., Reardon, D.B., Birrer, M., Fisher, P.B., Valerie, K., Schmidt-Ullrich, 
R., Mikkelsen, R. & Dent, P. (1998). Inhibition of the mitogen activated protein (MAP) 




134 



David Azriaet al 



kinase cascade potentiates cell killing by low dose ionizing radiation in A43 1 human 
squamous carcinoma cells. Oncogene , 16, 2787-96. 

Chen, R.H., Su, Y.H., Chuang, R.L. & Chang, T.Y. (1998). Suppression of transforming 
growth factor-beta-induced apoptosis through a phosphatidylinositol 3-kinase/Akt- 
dependent pathway. Oncogene , 17, 1959-68. 

Chmura, S.J., Mauceri, H.J., Advani, S., Heimann, R., Beckett, M.A., Nodzenski, E., 
Quintans, J., Kufe, D.W. & Weichselbaum, R.R. (1997). Decreasing the apoptotic 
threshold of tumor cells through protein kinase C inhibition and sphingomyelinase 
activation increases tumor killing by ionizing radiation. Cancer Res, 57, 4340-7. 

Ciardiello, F. & Tortora, G. (2001). A novel approach in the treatment of cancer: targeting the 
epidermal growth factor receptor. Clin Cancer Res , 7, 2958-70. 

Clynes, R.A., Towers, T.L., Presta, L.G. & Ravetch, J.V. (2000). Inhibitory Fc receptors 
modulate in vivo cytoxicity against tumor targets. Nat Med, 6, 443-6. 

Cobleigh, M.A., Vogel, C.L., Tripathy, D., Robert, N.J., Scholl, S., Fehrenbacher, L., Wolter, 
J.M., Paton, V., Shak, S., Lieberman, G. & Slamon, D.J. (1999). Multinational study of 
the efficacy and safety of humanized anti-HER2 monoclonal antibody in women who 
have HER2-overexpressing metastatic breast cancer that has progressed after 
chemotherapy for metastatic disease. J Clin Oncol, 17, 2639-48. 

David, M., Wong, L., Flavell, R., Thompson, S.A., Wells, A., Lamer, A.C. & Johnson, G.R. 
(1996). STAT activation by epidermal growth factor (EGF) and amphiregulin. 
Requirement for the EGF receptor kinase but not for tyrosine phosphorylation sites or 
JAK1. JBiol Chem, 111 , 9185-8. 

Dent, P., Reardon, D.B., Morrison, D.K. & Sturgill, T.W. (1995). Regulation of Raf-1 and 
Raf-1 mutants by Ras-dependent and Ras-independent mechanisms in vitro. Mol Cell 
Biol, 15,4125-35. 

Dent, P., Reardon, D.B., Park, J.S., Bowers, G., Logsdon, C., Valerie, K. & Schmidt-Ullrich, 
R. (1999). Radiation-induced release of transforming growth factor alpha activates the 
epidermal growth factor receptor and mitogen-activated protein kinase pathway in 
carcinoma cells, leading to increased proliferation and protection from radiation-induced 
cell death. Mol Biol Cell, 10, 2493-506. 

Di Fiore, P.P., Pierce, J.H., Kraus, M.H., Segatto, O., King, C.R. & Aaronson, S.A. (1987). 
erbB-2 is a potent oncogene when overexpressed in NIH/3T3 cells. Science, 237, 178-82. 

Dougall, W.C., Qian, X., Peterson, N.C., Miller, M.J., Samanta, A. & Greene, M.I. (1994). 
The neu-oncogene: signal transduction pathways, transformation mechanisms and 
evolving therapies. Oncogene, 9, 2109-23. 

Franke, T.F., Kaplan, D.R. & Cantley, L.C. (1997). PI3K: downstream AKTion blocks 
apoptosis. Cell, 88, 435-7. 

Ghosh, S., Strum, J.C., Sciorra, V.A., Daniel, L. & Bell, R.M. (1996). Raf-1 kinase possesses 
distinct binding domains for phosphatidylserine and phosphatidic acid. Phosphatidic acid 
regulates the translocation of Raf-1 in 12-O-tetradecanoylphorbol- 13 -acetate-stimulated 
Madin-Darby canine kidney cells. J Biol Chem, 271, 8472-80. 

Goldkom, T., Balaban, N., Shannon, M. & Matsukuma, K. (1997). EGF receptor 

phosphorylation is affected by ionizing radiation. Biochim Biophys Acta, 1358, 289-99. 

Goldstein, N.I., Prewett, M., Zuklys, K., Rockwell, P. & Mendelsohn, J. (1995). Biological 
efficacy of a chimeric antibody to the epidermal growth factor receptor in a human tumor 
xenograft model. Clin Cancer Res, 1, 1311-8. 




Antibodies in combination with radiotherapy for cancer therapy 



135 



Grandis, J.R., Draining, S.D., Zeng, Q., Watkins, S.C., Melhem, M.F., Endo, S., Johnson, 
D.E., Huang, L., He, Y. & Kim, J.D. (2000). Constitutive activation of Stat3 signaling 
abrogates apoptosis in squamous cell carcinogenesis in vivo. Proc Natl Acad Sci USA , 
97, 4227-32. 

Gridley, D.S., Archambeau, J.O., Andres, M.A., Mao, X.W., Wright, K. & Slater, J.M. 
(1997). Tumor necrosis factor-alpha enhances antitumor effects of radiation against 
glioma xenografts. Oncol Res, 9, 217-27. 

Gridley, D.S., Hammond, S.N. & Liwnicz, B.H. (1994). Tumor necrosis factor-alpha 
augments radiation effects against human colon tumor xenografts. Anticancer Res, 14, 
1107-12. 

Gupta, A.K., McKenna, W.G., Weber, C.N., Feldman, M.D., Goldsmith, J.D., Mick, R., 
Machtay, M., Rosenthal, D.I., Bakanauskas, V.J., Cemiglia, G.J., Bernhard, E.J., Weber, 
R.S. & Muschel, R.J. (2002). Local recurrence in head and neck cancer: relationship to 
radiation resistance and signal transduction. Clin Cancer Res, 8 , 885-92. 

Guy, P.M., Platko, J.V., Cantley, L.C., Cerione, R.A. & Carraway, K.L., 3rd. (1994). Insect 
cell-expressed pl80erbB3 possesses an impaired tyrosine kinase activity. Proc Natl Acad 
Sci US A, 91, 8132-6. 

Haimovitz-Friedman, A. (1998). Radiation-induced signal transduction and stress response. 
Radiat Res, 150, S 102-8. 

Hallahan, D.E., Beckett, M.A., Kufe, D. & Weichselbaum, R.R. (1990). The interaction 
between recombinant human tumor necrosis factor and radiation in 13 human tumor cell 
lines. IntJ Radiat Oncol Biol Phys, 19, 69-74. 

Hambek, M., Solbach, C., Schnuerch, H.G., Roller, M., Stegmueller, M., Stemer-Kock, A., 
Kiefer, J. & Knecht, R. (2001). Tumor necrosis factor alpha sensitizes low epidermal 
growth factor receptor (EGFR)-expressing carcinomas for anti-EGFR therapy. Cancer 
Res, 61, 1045-9. 

Helson, L., Helson, C. & Green, S. (1979). Effects of murine tumor necrosis factor on 
heterotransplanted human tumors. Exp Cell Biol, 47, 53-60. 

Huang, S.M., Bock, J.M. & Harari, P.M. (1999). Epidermal growth factor receptor blockade 
with C225 modulates proliferation, apoptosis, and radiosensitivity in squamous cell 
carcinomas of the head and neck. Cancer Res, 59, 1935-40. 

Huang, S.M. & Harari, P.M. (1999). Epidermal growth factor receptor inhibition in cancer 
therapy: biology, rationale and preliminary clinical results. Invest New Drugs, 17, 259-69. 

Huang, S.M. & Harari, P.M. (2000). Modulation of radiation response after epidermal growth 
factor receptor blockade in squamous cell carcinomas: inhibition of damage repair, cell 
cycle kinetics, and tumor angiogenesis. Clin Cancer Res, 6, 2166-74. 

Hudziak, R.M., Lewis, G.D., Winget, M., Fendly, B.M., Shepard, H.M. & Ullrich, A. (1989). 
pl85HER2 monoclonal antibody has antiproliferative effects in vitro and sensitizes 
human breast tumor cells to tumor necrosis factor. Mol Cell Biol, 9, 1 165-72. 

Hudziak, R.M., Schlessinger, J. & Ullrich, A. (1987). Increased expression of the putative 
growth factor receptor pl85HER2 causes transformation and tumorigenesis of NIH 3T3 
cells. Proc Natl Acad Sci USA, 84, 7159-63. 

Hynes, N.E. & Stem, D.F. (1994). The biology of erbB-2/neu/HER-2 and its role in cancer. 
Biochim Biophys Acta, 1198, 165-84. 




136 



David Azria et al 



Ignatoski, K.M., Lapointe, A.J., Radany, E.H. & Ethier, S.P. (1999). erbB-2 overexpression in 
human mammary epithelial cells confers growth factor independence. Endocrinology , 

140, 3615-22. 

Izumi, Y., Xu, L., di Tomaso, E., Fukumura, D. & Jain, R.K. (2002). Tumour biology: 
Herceptin acts as an anti-angiogenic cocktail. Nature , 416, 279-80. 

Janes, P.W., Daly, R.J., deFazio, A. & Sutherland, R.L. (1994). Activation of the Ras 
signalling pathway in human breast cancer cells overexpressing erbB-2. Oncogene , 9, 
3601-8. 

Jurianz, K., Maslak, S., Garcia-Schuler, H., Fishelson, Z. & Kirschflnk, M. (1999). 

Neutralization of complement regulatory proteins augments lysis of breast carcinoma cells 
targeted with rhumAb anti-HER2. Immunopharmacology , 42, 209-18. 

Kavanagh, B.D., Dent, P., Schmidt-Ullrich, R.K., Chen, P. & Mikkelsen, R.B. (1998). 

Calcium-dependent stimulation of mitogen-activated protein kinase activity in A43 1 cells 
by low doses of ionizing radiation. Radiat Res , 149, 579-87. 

Klapper, L.N., Vaisman, N., Hurwitz, E., Pinkas-Kramarski, R., Yarden, Y. & Sela, M. 

(1997). A subclass of tumor-inhibitory monoclonal antibodies to ErbB-2/HER2 blocks 
crosstalk with growth factor receptors. Oncogene , 14, 2099-109. 

Lane, H.A., Motoyama, A.B., Beuvink, I. & Hynes, N.E. (2001). Modulation of p27/Cdk2 
complex formation through 4D5-mediated inhibition of HER2 receptor signaling. Ann 
Oncol , 12, S21-2. 

Lin, J.T., Wu, M.S., Shun, C.T., Lee, W.J., Sheu, J.C. & Wang, T.H. (1995). Occurrence of 
microsatellite instability in gastric carcinoma is associated with enhanced expression of 
erbB-2 oncoprotein. Cancer Res, 55, 1428-30. 

Marais, R., Light, Y., Paterson, H.F. & Marshall, C.J. (1995). Ras recruits Raf-1 to the plasma 
membrane for activation by tyrosine phosphorylation. EmboJ, 14, 3136-45. 

Milas, L., Mason, K., Hunter, N., Petersen, S., Yamakawa, M., Ang, K., Mendelsohn, J. & 
Fan, Z. (2000). In vivo enhancement of tumor radioresponse by C225 antiepidermal 
growth factor receptor antibody. Clin Cancer Res, 6, 701-8. 

Moghal, N. & Sternberg, P.W. (1999). Multiple positive and negative regulators of signaling 
by the EGF-receptor. Curr Opin Cell Biol, 11, 190-6. 

Moscatello, D.K., Holgado-Madruga, M., Emlet, D.R., Montgomery, R.B. & Wong, A.J. 
(1998). Constitutive activation of phosphatidylinositol 3-kinase by a naturally occurring 
mutant epidermal growth factor receptor. J Biol Chem, 273, 200-6. 

Naramura, M., Gillies, S.D., Mendelsohn, J., Reisfeld, R.A. & Mueller, B.M. (1993). 
Therapeutic potential of chimeric and murine anti-(epidermal growth factor receptor) 
antibodies in a metastasis model for human melanoma. Cancer Immunol Immunother, 37, 
343-9. 

Nasu, S., Ang, K.K., Fan, Z. & Milas, L. (2001). C225 antiepidermal growth factor receptor 
antibody enhances tumor radiocurability. IntJ Radiat Oncol Biol Phys, 51, 474-7. 

Nicholson, R.I., Gee, J.M. & Harper, M.E. (2001). EGFR and cancer prognosis. EurJ 
Cancer, 37 Suppl 4, S9-15. 

Nishiguchi, I., Willingham, V. & Milas, L. (1990). Tumor necrosis factor as an adjunct to 
fractionated radiotherapy in the treatment of murine tumors. Int J Radiat Oncol Biol Phys, 
18, 555-8. 

Old, L.J. (1988). Tumor necrosis factor. Sci Am, 258, 59-60, 69-75. 




Antibodies in combination with radiotherapy for cancer therapy 



137 



O'Rourke, D.M., Kao, G.D., Singh, N., Park, B.W., Muschel, R.J., Wu, C.J. & Greene, M.I. 
(1998). Conversion of a radioresistant phenotype to a more sensitive one by disabling 
erbB receptor signaling in human cancer cells. Proc . Natl . AcadSci. USA , 95, 10842- 
10847. 

Park, O.K., Schaefer, T.S. Sc Nathans, D. (1996). In vitro activation of Stat3 by epidermal 
growth factor receptor kinase. Proc Natl Acad Sci USA , 93 , 13704-8. 

Pegram, M.D., Lipton, A., Hayes, D.F., Weber, B.L., Baselga, J.M., Tripathy, D., Baly, D., 
Baughman, S.A., Twaddell, T., Glaspy, J,A. Sc Slamon, D.J. (1998). Phase 0 study of 
receptor-enhanced chemosensitivity using recombinant humanized anti-pl85HER2/neu 
monoclonal antibody plus cisplatin in patients with HER2/neu-overexpressing metastatic 
breast cancer refractory to chemotherapy treatment. J Clin Oncol , 16 , 2659-71. 

Peng, D., Fan, Z., Lu, Y., DeBlasio, T., Scher, H. Sc Mendelsohn, J. (1996). Anti-epidermal 
growth factor receptor monoclonal antibody 225 up-regulates p27KIPl and induces G1 
arrest in prostatic cancer cell line DU 145. Cancer Res , 56 , 3666-9. 

Perrotte, P., Matsumoto, T., Inoue, K., Kuniyasu, H., Eve, B.Y., Hicklin, D.J., Radinsky, R. & 
Dinney, C.P. (1999). Anti-epidermal growth factor receptor antibody C225 inhibits 
angiogenesis in human transitional cell carcinoma growing orthotopically in nude mice. 
Clin Cancer Res , 5 , 257-65. 

Perry, J.E., Grossmann, M.E. Sc Tindall, D.J. (1998). Epidermal growth factor induces cyclin 
D1 in a human prostate cancer cell line. Prostate , 35 , 117-24. 

Petit, A.M., Rak, J., Hung, M.C., Rockwell, P., Goldstein, N., Fendly, B. Sc Kerbel, R.S. 
(1997). Neutralizing antibodies against epidermal growth factor and ErbB-2/neu receptor 
tyrosine kinases down-regulate vascular endothelial growth factor production by tumor 
cells in vitro and in vivo: angiogenic implications for signal transduction therapy of solid 
tumors. Am J Pathol, 151 , 1523-30. 

Pietras, R.J., Poen, J.C., Gallardo, D., Wongvipat, P.N., Lee, H.J. Sc Slamon, D.J. (1999). 
Monoclonal antibody to HER-2/neureceptor modulates repair of radiation-induced DNA 
damage and enhances radiosensitivity of human breast cancer cells overexpressing this 
oncogene. Cancer Res, 59, 1347-55. 

Prewett, M., Rothman, M., Waksal, H., Feldman, M., Bander, N.H. & Hicklin, D.J. (1998). 
Mouse-human chimeric anti-epidermal growth factor receptor antibody C225 inhibits the 
growth of human renal cell carcinoma xenografts in nude mice. Clin Cancer Res , 4 , 2957- 
66 . 

Radinsky, R., Risin, Fan, Dong, Bielenberg, Bucana & Fidler. (1995). Level and function of 
epidermal growth factor receptor predict the metastatic potential of human colon 
carcinoma cells. Clin Cancer Res, 1 , 19-31. 

Ram, T.G. Sc Ethier, S.P. (1996). Phosphatidylinositol 3-kinase recruitment by pl85erbB-2 
and erbB-3 is potently induced by neu differentiation factor/heregulin during mitogenesis 
and is constitutively elevated in growth factor-independent breast carcinoma cells with e- 
erbB-2 gene amplification. Cell Growth Differ , 7, 551-61. 

Robert, B., Mach, J.P., Mani, J.C., Ychou, M., Folli, S., Artus, J.C. & Pelegrin, A. (1996). 
Cytokine targeting in tumors using a bispecific antibody directed against 
carcinoembryonie antigen and tumor necrosis factor alpha. Cancer Res, 56, 4758-65. 

Ruegg, C., Yilmaz, A., Bieler, G., Bamat, J., Chaubert, P. Sc Lejeune, F.J. (1998). Evidence 
for the involvement of endothelial cell integrin alphaVbeta3 in the disruption of the tumor 
vasculature induced by TNF and IFN-gamma. Nat Med, 4 , 408-14. 




138 



David Azria et al 



Saleh, M.N., Raisch, K.P., Stackhouse, M.A., Grizzle, W.E., Bonner, J.A., Mayo, M.S., Kim, 
H.G., Meredith, R.F., Wheeler, R.H. & Buchsbaum, D.J. (1999). Combined modality 
therapy of A43 1 human epidermoid cancer using anti-EGFr antibody C225 and radiation. 
Cancer Biother Radiopharm , 14 , 451-63. 

Santana, P., Pena, L.A., Haimovitz-Friedman, A., Martin, S., Green, D., McLoughlin, M., 
Cordon-Cardo, C., Schuchman, E.H., Fuks, Z. & Kolesnick, R. (1996). Acid 
sphingomyelinase-deficient human lymphoblasts and mice are defective in radiation- 
induced apoptosis. Cell , 86, 189-99. 

Schmidt, M., McWatters, A., White, R.A., Groner, B., Weis, W., Fan, Z. & Bast, R.C., Jr. 
(2001). Synergistic interaction between an anti-pl85HER-2 pseudomonas exotoxin fusion 
protein [scFv(FRP5)-ETA] and ionizing radiation for inhibiting growth of ovarian cancer 
cells that overexpress HER-2. Gynecol Oncol , 80 , 145-55. 

Schmidt-Ullrich, R.K., Dent, P., Grant, S., Mikkelsen, R.B. & Valerie, K. (2000). Signal 
transduction and cellular radiation responses. Radiat Res , 153 , 245-57. 

Schmidt-Ullrich, R.K., Mikkelsen, R.B., Dent, P., Todd, D.G., Valerie, K., Kavanagh, B.D., 
Contessa, J.N., Rorrer, W.K. & Chen, P.B. (1997). Radiation-induced proliferation of the 
human A43 1 squamous carcinoma cells is dependent on EGFR tyrosine phosphorylation. 
Oncogene, 15 , 1191-7. 

Schnurch, H.G., Stegmuller, M., Vering, A., Beckmann, M.W. & Bender, H.G. (1994). 
Growth inhibition of xenotransplanted human carcinomas by a monoclonal antibody 
directed against the epidermal growth factor receptor. Eur J Cancer, 4 , 491-6. 

Sersa, G., Willingham, V. & Milas, L. (1988). Anti-tumor effects of tumor necrosis factor 
alone or combined with radiotherapy. Int J Cancer, 42 , 129-34. 

Shak, S. (1999). Overview of the trastuzumab (Herceptin) anti-HER2 monoclonal antibody 
clinical program in HER2-overexpressing metastatic breast cancer. Herceptin 
Multinational Investigator Study Group. Semin Oncol, 26, 71-7. 

Slamon, D.J., Leyland-Jones, B., Shak, S., Fuchs, H., Paton, V., Bajamonde, A., Fleming, T., 
Eiermann, W., Wolter, J., Pegram, M., Baselga, J. & Norton, L. (2001). Use of 
chemotherapy plus a monoclonal antibody against HER2 for metastatic breast cancer that 
overexpresses HER2. N Engl J Med, 344 , 783-92. 

Slichenmyer, W.J. & Fry, D.W. (2001). Anticancer therapy targeting the erbB family of 
receptor tyrosine kinases. Semin Oncol, 28 , 67-79. 

Sliwkowski, M.X., Lofgren, J.A., Lewis, G.D., Hotaling, T.E., Fendly, B.M. & Fox, J.A. 
(1999). Nonclinical studies addressing the mechanism of action of trastuzumab 
(Herceptin). Semin Oncol, 26 , 60-70. 

Stackhouse, M.A., Buchsbaum, D.J., Grizzle, W.E., Bright, S.J., Olsen, C.C., Kancharla, S., 
Mayo, M.S. & Curiel, D.T. (1998). Radiosensitization mediated by a transfected anti- 
erbB-2 single-chain antibody in vitro and in vivo. Int J Radiat Oncol Biol Phys, 42 , 817- 
22 . 

Sugarman, B .J., Aggarwal, B.B., Hass, P.E., Figari, I.S., Palladino, M.A., Jr. & Shepard, 

H.M. (1985). Recombinant human tumor necrosis factor-alpha: effects on proliferation of 
normal and transformed cells in vitro. Science, 230 , 943-5. 

Teramoto, T., Onda, M., Tokunaga, A. & Asano, G. (1996). Inhibitory effect of anti- 

epidermal growth factor receptor antibody on a human gastric cancer. Cancer, 77 , 1639- 
45. 




Antibodies in combination with radiotherapy for cancer therapy 



139 



Tokuda, Y., Ohnishi, Y., Shimamura, K., Iwasawa, M., Yoshimura, M., Ueyama, Y., 

Tamaoki, N., Tajima, T. & Mitomi, T. (1996). In vitro and in vivo anti-tumour effects of a 
humanised monoclonal antibody against c-erbB-2 product. BrJ Cancer, 73, 1362-5. 

Tombes, R.M., Auer, K.L., Mikkelsen, R., Valerie, K., Wymann, M.P., Marshall, C.J., 
McMahon, M. & Dent, P. (1998). The mitogen-activated protein (MAP) kinase cascade 
can either stimulate or inhibit DNA synthesis in primary cultures of rat hepatocytes 
depending upon whether its activation is acute/phasic or chronic. Biochem J, 330 ( Pt 3), 
1451-60. 

Tse, C., Brault, D. & Etienne, J. (1997). [Current aspects of the evaluation of ERBB2 

activation in breast cancer. Therapeutic perspectives]. Ann Biol Clin (Paris), 55, 545-54. 

Ullrich, A. & Schlessinger, J. (1990). Signal transduction by receptors with tyrosine kinase 
activity. Cell , 61, 203-12. 

Uno, M., Otsuki, T., Kurebayashi, J., Sakaguchi, H., Isozaki, Y., Ueki, A., Yata, K., Fujii, T., 
Hiratsuka, J., Akisada, T., Harada, T. & Imajo, Y. (2001). Anti-HER2-antibody enhances 
irradiation-induced growth inhibition in head and neck carcinoma. Int J Cancer , 94, 474- 
9. 

van der Geer, P., Hunter, T. & Lindberg, R.A. (1994). Receptor protein-tyrosine kinases and 
their signal transduction pathways. Annu Rev Cell Biol , 10, 251-337. 

Voldborg, B.R., Damstrup, L., Spang-Thomsen, M. & Poulsen, H.S. (1997). Epidermal 

growth factor receptor (EGFR) and EGFR mutations, function and possible role in clinical 
trials. Ann Oncol , 8, 1 197-206. 

Warenius, H.M., Jones, M.D. & Thompson, C.C. (1996). Exit from G2 phase after 2 Gy 
gamma irradiation is faster in radiosensitive human cells with high expression of the 
RAF1 proto-oncogene. Radiat Res, 146, 485-93. 

Wollman, R., Yahalom, J., Maxy, R., Pinto, J. & Fuks, Z. (1994). Effect of epidermal growth 
factor on the growth and radiation sensitivity of human breast cancer cells in vitro. Int J 
Radiat Oncol Biol Phys, 30, 91-8. 

Wu, X., Fan, Z., Masui, H., Rosen, N. & Mendelsohn, J. (1995). Apoptosis induced by an 
anti-epidermal growth factor receptor monoclonal antibody in a human colorectal 
carcinoma cell line and its delay by insulin. J Clin Invest , 95, 1897-905. 

Wu, X., Rubin, M., Fan, Z., DeBlasio, T., Soos, T., Koff, A. & Mendelsohn, J. (1996). 
Involvement of p27KIPl in G1 arrest mediated by an anti-epidermal growth factor 
receptor monoclonal antibody. Oncogene, 12, 1397-403. 

Xia, Z., Dickens, M., Raingeaud, J., Davis, R.J. & Greenberg, M.E. (1995). Opposing effects 
of ERK and JNK-p38 MAP kinases on apoptosis. Science, 270, 1326-31. 

Yarden, Y. (2001). The EGFR family and its ligands in human cancer, signalling mechanisms 
and therapeutic opportunities. Eur J Cancer, 37 Suppl 4, S3-8. 

Yarden, Y. & Ullrich, A. (1988). Growth factor receptor tyrosine kinases. Annu Rev Biochem , 
57, 443-78. 

Zolfaghari, A. & Djakiew, D. (1996). Inhibition of chemomigration of a human prostatic 
carcinoma cell (TSU-prl) line by inhibition of epidermal growth factor receptor function. 
Prostate, 28, 232-8. 

zum Buschenfelde, C.M., Hermann, C., Schmidt, B., Peschel, C. & Bernhard, H. (2002). 
Antihuman Epidermal Growth Factor Receptor 2 (HER2) Monoclonal Antibody 
Trastuzumab Enhances Cytolytic Activity of Class I-restricted HER2-specific T 
Lymphocytes Against HER2 -overexpressing Tumor Cells. Cancer Res, 62, 2244-7. 




Chapter 7 

ANTIBODIES, A POTENT TOOL TO TARGET 
GENES INTO DESIGNATED CELLS AND 
TISSUES 



Francois Hirsch *, Olivier Deas **, Gabrielle Carvalho Antoine Durrbach *, 
Dominique Thierry* and Alain Chapel # 

* Inserm unit 542, Paris-Sud University, GDR 2352 "immunotargeting of tumors " and s Targa 
Therapies, Villejuif * Institute of Radioprotection and Nuclear Safety, IRSN/DPHD/SARAM, 
Fontenay-aux-Roses, France 



1. INTRODUCTION 

After a period of euphoria following the report on the first ex vivo 
production of monoclonal antibodies (Kohler, 1975), the new “magic 
bullets” as they were qualified by the press, however did not keep theirs 
promise. Indeed, apart OKT3 a mouse mAb directed against the T 
lymphocyte CD3 molecule, the first to get US and European approvals in the 
prevention of organ rejection in 1986, several trials conducted with other 
mAbs did not show significant results. These poor effects were mainly due 
to generation of anti-murine Abs by the patients, hindering the efficacy of 
the treatment. Moreover, rodent IgG Abs injected to patients have half-life of 
less than 20 hrs compared to several days for human Igs. 

Nevertheless, mAbs slowly but surely modified medicine. For instance, 
diagnostic methods were markedly improved by the introduction of radio- or 
fluorescent-labeled mAbs permitting the detection of normal or pathologic 
cell subpopulations in vitro but also in vivo. Mabs also modified production 
processes used to purify proteins. As such, the design of mAbs-coated beads 
capable of immunopurifying large amounts of molecules greatly expanded 
the production of high quality human-derived proteins (seric proteins, 
hormones. . .). 
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Table 7.1 .Monoclonal antibodies approved in the EU and in the USA. 



Trade name 


Targeted antigen 


Indication 


Marketing 


CAMPATH 


CD52 on normal and malign B- and 
T-lymphocytes 


Therapy of CLL 


EU, USA 


CEA-SCAN 


CEA 


In v/vo-diagnosis of 
colon-or rectum 
carcinoma 


EU 


HERCEPTIN 


Extracellular domain of the human 
Epidermal Growth Factor 2 (HER 
2 ) 


Treatment of metastatic 
breast cancer 


EU, USA 


HUMASPECT 


Tumor-associated antigen-complex 
(cytokeratin-polypeptide MW 35- 
43) 


In vivo -diagnosis of 
colon-or rectum 
carcinoma 


EU 


LEUKOSCAN 


Surface glycoprotein NCA90 on 
granulocytes and CEA 


In vivo -diagnosis of 
osteomyelitis 


EU 


MYELOTARG 


CD33 


Acute myelogenous 
leukaemia 


USA 


ORTHOCLONE 

OKT3 


CD3 on T-lymphocytes 


Therapy of acute 
steroid resistant 
rejection episodes in 
allogenic kidney, heart 
and liver 
transplantation 


EU, USA 


MABTHERA 


CD20 on pre-B-and mature B- 
lymphocytes 


Treatment of B-ceil- 
non-Hodgkin- 
Lymphoma (in 
combination with 
CHOP chemotherapy) 
Treatment of 
chemoresistant 
follicular lymphoma 


EU, USA 


REMICADE 


Soluble and transmembrane TNFa 


Rheumatoid Arthritis, 
Crohn’s disease 


EU, USA 


REOPRO 


GPIIb/IIIa (a IIb ( 3 3 )- receptor of 
thrombocytes and Vitronectin 
( 0 ^ 3 ) receptor of thrombocytes and 
epithelial cells 


Inhibitor of 
thrombocyte 
aggregation 


EU, USA 


SIMULECT 


Alpha-subunit of IL2-receptor on 
activated T-lymphocytes (CD25) 


Prophylaxis of acute 
rejection episodes in 
allogenic de novo 
kidney transplantation 


EU, USA 


SYNARGIS 


A-Epitop of the Fusion protein of 
RSV 


Prevention of 
Respiratory Syncitial 
Virus disease in infants 
at risk 


EU, USA 



ZENAPAX 



Alpha-subunit of IL2-receptor on 
activated T-Lymphocytes (CD25) 



Prophylaxis of acute 
rejection episodes in 
allogenic de novo 
kidnev transplantation 



EU, USA 
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Thanks to the development of genetic engineering, chimeric and humanized 
mAbs were developed in the nineteen’s, leading to an increase in approval of 
mAbs intended for therapeutic use by the EMEA (European medical agency 
for the evaluation of medical products) and the USA-FDA (Federal Drug 
Agency) (Table 7.1). 

Moreover, hundreds are in clinical trials in fields that no one could 
anticipate 30 years ago, cancer and transplant rejection for the majority but 
also autoimmune diseases, asthma, cardiology and infectious diseases. In 
parallel, an expanding field mainly in cancer therapy is the use of mAbs as 
carrier of cytotoxic agents inside the tumors. Various molecules were tested, 
as illustrated in other chapters of this book: radionucleides, toxins, prodrug 
and more recently chimiotherapeutic drugs. 

Given the targeting properties of mAbs, some groups like ours proposed 
to use them to convey DNA molecules encoding therapeutic molecules into 
designated cells. In this chapter, we will provide an overview on the various 
approaches chosen to target genes. Through two different models, we will 
also try to demonstrate that indeed mAbs should be of great interest for gene 
transfer. As a cautionary note, this survey does not pretend to be exhaustive, 
but rather to appeal to the reader's curiosity. 



2. ANTIBODY AS GENE CARRIER 

The design of strategies allowing the specific targeting of genes, that is 
their expression in a limited subset of cells, is now the major issue of gene 
therapy. To date, only very few procedures permit cell- or tissue-specific 
targeting in vivo. For instance, 80% of the almost 600 clinical trials in cancer 
gene therapy are based on direct intratumoral administration of recombinant 
vectors and/or on ex vivo cell manipulations (Weichselbaum, 1997). 
Although viral vectors allow efficient and long-term gene expression, they 
generally don’t permit gene delivery into designated target cells. Thus, there 
has been an intense interest on methods that would allow specific gene 
delivery and many laboratories are now dealing with this exciting challenge. 

As illustrated in Figure 7.1, the ideal vector should be able (i) to target 
the appropriate cells, (ii) to get into the cells, (iii) to escape the various traps 
present into cells, i.e. the endosomal pathway in which the vector can be 
retained and the cytosol rich in nucleases, (iv) to enter the nucleus where is 
located the transcription machinery. 
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Figure 7. / The ideal vector should be able (1) to target the appropriate cells, (2) to enter into 
the cell nucleus, to permit gene transcription machinery (3), protein synthesis (4) and then 
protein secretion (5). 





1) Targeting and entry 
of the vector 

2) Nucleus entry 

3) Transcription 

4) Protein synthesis 

5) Protein secretion 



2.1 Design of a targeted vector 

To allow cell targeting, attempts have been undertaken by several groups, 
using receptor-mediated gene transfer technologies. Numerous studies with 
transferrin as ligand have shown effective gene transfer delivery into various 
cell types (Wagner, 1990; Zenke, 1990; Schwarzenberger, 1996). Also 
asialo-orosomucoid was used to target asialoglycoproteins (Perales, 1994). 
However, most of the ligands tested so far are either broadly expressed 
(Wagner, 1990) or limited to one organ such as the liver (Perales, 1994). 

Among the various approaches under investigation, the use of Abs to 
achieve tissue specific targeting constitutes a promising tool. Numerous 
mAbs recognizing defined targets, and with known tissue distribution are 
already in use in clinical trials and have been approved by international 
regulatory authorities, as reported above. In particular, several Abs are 
directed to cell specific Ags, such as the family of CD (cluster of 
differentiation) molecules specifically present on a large number of cells (for 
reference see http://www.ncbi.nlm.nih.gov/PROW/guide/45277084.htm ), or 
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the tumor-associated Ag (TAA) with a widely restricted expression (Roselli, 
1996; Wang, 1999). These particular mAbs thus constitute some highly 
valuable tools. 

As mentioned above, viruses represent the main category of vectors used 
in gene transfer with however a poor specificity. In order to improve this 
specificity some groups have designed targeted viruses. 

Retroviruses the major gene-delivery vehicle, with high transduction 
efficiency, are able to containing DNA insert size up to 8 kb. The integration 
into host genome results in sustained expression of vector, but can bring 
mutagenic effects caused by random integration into the host genome. In a 
first attempt, viral targeting has been tested with divalent Abs linked by 
biotin-streptavidin conjugates, one directed to the retrovirus envelope 
protein, the other to a cell surface protein (Goud, 1988). Retroviruses may 
also be genetically modified to express a chimeric envelope containing 
single-chain variable fragments (scFv) with various Ag specificities 
(Pelegrin, 1998; Maurice, 2002). 

Adenoviruses, also broadly utilized in gene therapy, have a high 
transduction efficiency, are capable of containing DNA inserts up to 8 kb, 
and infect both replicating and differentiated cells. Disadvantages of 
adenoviral vectors include a transient expression since the viral DNA does 
not integrate into the host, the expression of viral proteins following 
administration into the host. Moreover, adenoviral vectors are an extremely 
common human pathogen and in vivo delivery may be hampered by prior 
exacerbate host immune response to the virus, leading in some patients to 
severe inflammatory reactions. Targeting may be achieved by genetic 
engineering to suppress their native receptor interactions which are replaced 
by novel ligand genetically incorporated into virus coat proteins (Wickham, 
2000 ). 

A third class of virus, the adeno-associated virus (AAV) was designed to 
produce a gene therapy vector with site-specific integration and the ability to 
infect multiple cell types. This vector does offer some advantages over other 
vector systems which include the lack of initiating an immune response, 
their stability and ability to infect a variety of dividing and non-dividing 
cells. Unfortunately, they cannot incorporate genes larger than 5 kb. 
Targeting was approached using a bispecific F(ab’y)2 Ab in which one arm 
recognizes a cell-specific ligand and the other the AAV capsid structure 
(Bartlett, 1999). 

However, several questions remain before using these sophisticated 
constructs in clinics, regarding their pharmacokinetic properties after 
systemic administration, their real capacity to target cells without being 
trapped, their stability. 
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Non viral approaches may also be used through plasmid DNA conjugated 
to a ligand capable of binding to the surface of the targeted cells. The 
resulting conjugates retain their ability to specifically interact with cognate 
receptors on the cell surface. In this context, mAbs may represent a potent 
targeting tool. For instance, cationic liposomes complexed with DNA were 
extensively used in vitro and in vivo (reviewed in Templeton, 1997) lacking 
however target specificity due to lipid non-specific binding. Specificity was 
restored by the design of immunoliposomes upon conjugation of whole Ig, 
(Shi, 2000; Zhang, 2002) or Ig fragments, i.e. scFv (Xu, 2002) or Fab’ 
(Mastrobattista, 2001). 

Alternatively, mAbs may contribute to provide targeting ability to the so 
called lipoplexes obtained through the interactions of plasmid DNA and 
cationic polymers such as polylysine or polyethylenimines (Erbacher, 1999). 
This allowed in vitro gene delivery in neuroblastoma cell line (Erbacher, 
1999) or in human peripheral mononuclear cells {O’Neill, 2001 #17}, or in 
human hematopoietic progenitor cell lines (Schwarzenberger, 1996). 

The method we have developed is based on the production of hybrid 
molecules in which plasmid DNA is attached to mAbs recognizing surface 
Ags expressed on cells. Provided that the relevant Ag is internalized upon 
binding of the specific mAb, the plasmid can be expressed in a transitory 
fashion (Figure 7.2). Depending on the specificity of the mAb, thus reporter 
genes have been specifically targeted into various murine cells, B 
lymphocytes (anti-IgD Ab) or T lymphocytes (anti-CD3e Ab), in vitro 
(Hirsch, 1993; Poncet, 1996), and in vivo (Poncet, 1996). 

To further illustrate our model, we will report recent experiments aiming 
at transferring genes encoding therapeutic proteins into renal cancer cells or 
into hematopoietic progenitor cells. 
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Protein 



Figure 7.2 Schematic representation of Ab-mediated gene transfer 
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2.2 Antibody-mediated gene transfer into human renal 
tumor 

Despite its relative low frequency, renal cancer due to its chemo- and 
radio-resistance, remains one of the most aggressive tumors without 
effective treatment, urging to find new therapeutic approaches (Mulders, 
1997). In this context, our Ab-mediated gene transfer strategy was facilitated 
by the availability of the highly specific G250 mAb (Oosterwijk, 1986), 
already used in phase II trial (Oosterwijk, 1995) and capable of being 
internalized into renal cell carcinoma (RCC) upon binding to its Ag 
(Durrbach, 1999). The human RCC utilized in these studies were derived 
from patients with primaiy tumors or metastases (Angevin, 1999). 

In vitro, we first demonstrated that our vector construct carrying fi- 
galactosidase applied to RCC was detected in 15 % of G250 RCC, while it 
was undetectable in untransfected RCC, nor was any B-galactosidase 
expression detectable after incubation with the vector including an irrelevant 
mAb. In addition, no positive cells were detected when cells were incubated 
with the whole vector carrying an irrelevant plasmid DNA (Deas, 2002). 

Moreover, efficient and specific gene delivery were achieved in vivo, in 
mice engrafted with tumor cells, G250 positive or G250 negative. When 
mice were intravenously injected with the vector containing cDNA encoding 
B-galactosidase, the enzyme was detected in most of the G250 positive 
tumors, while it was not detected in the G250 negative tumors. In addition, 
expression of B-galactosidase was not detected in liver, kidney, gut and 
spleen of all the injected animals (Deas, 2002). 

These results led us to test the ability of our vectors in transferring a gene 
with therapeutic property in mice bearing RCC tumors. We choose the pro- 
apoptotic box gene, one of the members of bcl-2 family that promote 
apoptosis in modifying the balance between anti-apoptotic and pro-apoptotic 
proteins in cells (Knudson, 1997). When box is over expressed in cells, they 
switched toward a pro-apoptotic status and died by direct action of bax or 
became sensitive or more sensitive to a second apoptotic signal induced by 
chemotherapies or radiotherapies (Tsuruta, 2001). Bax plays its tumor 
suppressor gene role with a direct dysfunctional effect on mitochondria 
which has a crucial role in cell death process. This dysfunctional effect on 
mitochondria induces the two apoptotic pathways identified today: one 
dependant of the clivage of specific cystein proteases named caspases 
(reviewed in Henkart, 1996), leading to the “classical apoptosis”, and the 
other pathway, caspase-independent, resulting in necrosis phenotype. These 
two forms of death could promote immune system activation and elicit an 
antitumoral response, resulting in a bystander effect. In addition, bax was 
used in vivo to kill malignant cells in few models (Arafat, 2000; Tai, 1999). 
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We thus constructed a vector containing Bax encoding plasmid DNA 
conjugated to G250 mAb. As seen in Figure 7.3; Bax expression can induce 
RCC death in vitro, in a specific manner since only Bax encoding DNA 
conveyed with G250 mAb induced an important RCC loss. For in vivo 
therapeutic experiments, human renal carcinoma fragments (4 mm 3 ) were 
subcutaneously engrafted in irradiated nude mice. In the experiment shown 
in Figure 7.4, the vector including the cDNA box linked to G250 mAb (lane 
1) or the vector with the irrelevant anti-CD20 mAb (lane 2) or the cDNA 
bax only (lane 3) were intravenously injected once under anesthesia in the 
retro-orbital vein of animals bearing an established and vascularised tumor 
(2 weeks after engraftment) (Figure 7.4 upper panel). As depicted on Figure 
7.4 lower panel, eight days following the injection, six out of nine mice 
treated with the vector carrying bax showed a significant decrease in the 
tumor growth (tumor size below the mean 495+/-38 mm 3 ) as compared to 
mice treated with the vector bearing an irrelevant mAb (one out of eight 
below 495+/-38 mm 3 ) or to the vector lacking mAb (none of nine below 
495+/-38 mm 3 ). The effect of the entire vector on tumor growth was still 
noticeable up to day 18 following the injection. It is also of note that no 
toxicity was observed in the treated mice. 



in vitro Bax transfer into RCC 
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Figure 7.3 Effect of the in vitro transfer of Bax in G250 positive renal cell carcinoma 
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2.3 Antibody-mediated gene transfer into bone-marrow 
immature hematopoietic cells 

Efficient gene transfer into immature hematopoietic cells, which is 
considered to be a basic requirement in somatic gene therapy for genetic 
diseases, may also be of clinical usefulness for gene therapy of a broad range 
of conditions associated with acquired diseases such as cancer and infectious 
disorders (reviewed in Heim, 2000). The ability to deliver and to induce the 
expression of exogenous genes may indeed enable the performance of 
adequate biological manipulations of the hematopoietic stem/progenitor 
compartment. For example, in vivo targeted transfection of specific subsets 
of immature hematopoietic cells might help to sustain hematopoietic 
recovery from bone marrow aplasia by providing local production of growth 
factors. 



Table 7.2. Number of CD34+ colonies 7 days following transfection. 



conjugate 


Culture 


Control 


anti-CD 1 17- 


medium 


conjugate 


pIL3 conjugate 


+ IL-3 


97.6 ±11.7* 


97 ±22 


-IL-3 


24 ±10.24 


72.3 ±10.7 



10-* transfected CD34+ cells were cultured in methylcellulose in the presence or in the 
absence of IL-3. Colony (aggregates of more than 40 cells) numbers were evaluated under 
inverted light microscope. The data are representative of two independent experiments and are 
the mean of triplicate determinations ± S.D. * indicates statistically significant differences by 
Student's t-test analysis; p<0.05 as compared to cells treated with control conjugate (G250- 
pIL3) cultured without EL-3. 

In this view, we tackled specific hematopoietic cell targeting using anti- 
CD117 (c-kit) Abs covalently coupled to IL-3-encoding plasmid vector 
{Chapel, 1999). CD117 mAb was a good choice given its expression on a 
CD34+ human hematopoietic subpopulation and its ability to internalized 
upon binding to its ligand (Wagemaker, 1995). Targeted-gene transfer 
through CD117 was assayed in CD117+/CD34+ cell subset. In vitro cell 
marking with enhanced green fluorescent protein ( EGFP ) gene was first used 
to assess the efficiency of the transfer. Experiments were performed using 
CD34+ cells treated with anti-CD117-p£ , GFP conjugate and plated in 
methylcellulose with exogenous growth factor. After a 3-week culture, 
microcytometric analysis of these cells revealed 10% EGFP+ colonies 
(Figure 7.5). Then, since IL-3 has been shown to support the growth of the 
immature hematopoietic subpopulation (Sato, 1993), we decided to deliver 
human IL-3 gene in order to evaluate the feasibility of the technique in 
transferring gene of functional significance and to study the biological effect 
of IL-3 produced upon gene transfer on the targeted population. We 
demonstrated that our approach allowed a transient IL-3 production in 
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targeted cells (Chapel, 1999), leading to cell proliferation and more valuable, 
to the generation of CD34+ colonies even in the absence of exogenous 
growth factor (Table 7.2). 
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Figure 7.5 EGFP transfer into CD34+ human cells through CD117 surface Ag. (upper 
picture) cells transfected with anti-CD 117=EGFP vector, (lower picture) transfected with 
EGFP gene alone. 

Finally, we validated these in vitro results in an in vivo model, whereby 
mouse CD1 17+ bone-marrow cells were targeted with a vector carrying the 
human IL-3 encoding gene intravenously injected. As shown in Figure 7.6, 8 
days following the last injection of the conjugates, PCR analyses of human 
IL-3 were positive only in bone-marrow cells from mice receiving the entire 
vector Taking into account all controls, PCR analysis of tissues also 
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evidenced the specific targeting of the hematopoietic system since brain, 
liver and lungs were negative. Only the spleen of mice receiving IL-3 cDNA 
conjugated to anti-CD117 mAb and kidneys of control animals receiving 
either unconjugated IL-3 cDNA and anti-CD117 mAb or IL-3 cDNA 
conjugated to an irrelevant anti-G250 mAb, were positive in PCR. A rapid 
elimination of plasmid present in whole blood was observed, suggesting that 
these tissues were not contaminated by blood circulating plasmid. In parallel, 
we were able to detect circulating human IL-3 in serum of mice receiving the 
entire vector, only (Chapel, in preparation). However, bone-marrow cells 
removed from these transfected mice did not survive in long-term culture 
without addition of exogenous growth factor, suggesting the lost of the 
transgene. 
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Figure 7.6 Nested PCR detection of pIL3 plasmid (A) in bone marrow and (B) in 
mononuclear peripheral blood cells different days after injection of theCD117mAb 
conjugated to human IL-3 (conjugate) or anti-CDl 17 Abs and human IL-3 (unconjugate). 
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3. CONCLUSIONS 

In clinical and outpatient routine, gene therapy nowadays are still limited 
to rather few approaches. However, medical routine will soon be enriched by 
the availability of more sophisticated tools allowing specific gene delivery. 
As such, the availability of many mAbs directed to a wide varieties of targets 
will definitively enlarged the choice of disease to be treated by targeted gene 
therapy. Our mAb-mediated gene delivery system may prove useful and safe 
for numerous clinical applications of gene transfer in oncology, whereby a 
stable genetic modification is not required, in contrast to the gene therapy 
approaches for genetic diseases. Several parameters contribute to the 
efficiency and specificity of our system such as the internalisation of the 
antigen targeted, the choice of the transgene used, the tissues targeted, the 
conformation of the conjugate. As a caveat, it should be noted that both 
increasing regulatory rules, costs and practical obstacles will probably limit 
the use of these novel approaches to severe diseases of the economically 
privileged classed in Western countries. Therefore, there is a need for the 
search for more simple molecules using genetic engineering comprising 
DNA sequences and Ab-derived fragments. Finally, as we tried to illustrate 
in this chapter, the Cassandra who too quickly announced the death of mAbs 
should have in mind that Science consists in going from an astonishment to 
another one (Aristote ~ 388 AJC). 
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1. INTRODUCTION 

The human genome project has led to the identification of a large number 
of genes and respective proteins, thus providing the pharmaceutical industry 
with thousands of new potential drug targets, most of which function in 
intracellular compartments (Lander et al., 2001; Venter et al., 2001). This 
fact opens new perspectives for therapy of human diseases; however, it also 
demands reliable approaches for understanding the role and the function of 
these new genes and proteins (functional genomics) and for identifying those 
that can be validated as drug targets (target validation). Different 
experimental tools are currently used for investigating the function of these 
new intracellular proteins, including their potential role in disease, and for 
evaluating them as potential drug targets. The classical way to investigate 
the function of genes, and thereby determine the physiological and 
pathological relevance of gene products, is to interfere with their expression 
(Ihle, 2000). Approaches such as gene knockout, antisense oligonucleotide 
or RNA interference (RNAi) are currently used to study gene and protein 
function and to validate candidate drug targets by analysing the effects of 
their deletion. One limitation of all these techniques is that they eliminate all 
functions of a target gene product at once, thus making it difficult to dissect 
potentially distinct roles of different domains and to mimic the effects of a 
small molecule that presumably will act at a specific domain of the protein 
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(Kamb and Caponigro, 2001). Intrabodies, i.e. antibody fragments expressed 
within the cell, present an attractive alternative for directly modulating 
protein function in vivo. In particular, intrabodies can be used to target 
specific domains of a protein and perform so-called “protein-domain 
knockouts”, thus allowing the dissection of the varied functions of multi- 
domain proteins (Lichtlen et al., 2002). 

The idea of validating drug targets at the protein level harbours 
conceptual advantages. Firstly, by aiming at the protein one acts on the 
potential target directly. Moreover, by specifically blocking the function of 
protein domains, the action of highly specific drugs can be mimicked and 
their biological effects anticipated. It has become evident that highly specific 
drugs are associated with fewer side effects than non-specific drugs, thus 
underlying the importance of studying the function of specific domains of 
protein targets (Ihle, 2000). A remarkable example for this concept has been 
provided by Rao and collaborators (Aramburu et al., 1999). In this study it 
was shown that a peptide capable of selectively blocking the NFAT-binding 
site of calcineurin, the molecular target of the immunosuppressive drugs 
cyclosporine A and FK506, efficiently inhibited the expression of NFAT- 
dependent cytokines in T cells. At the same time, other cytokines, whose 
expression is dependent on non-NFAT-mediated calcineurin activity, were 
not affected by the inhibitory peptide. Cyclosporine A and FK506 inhibit the 
activation of all genes that are dependent on calcineurin activity and do not 
discriminate between those that require the action of NFAT from those that 
do not. Their action leads to effective immunosuppression but also to severe 
side effects, such as progressive loss of renal function, neurotoxicity or 
increased risk of malignancy (Ruhlmann and Nordheim, 1997). As these side 
effects are assigned to the inhibition of non-NFAT-mediated actions of 
calcineurin, Rao and colleagues have given a nice example on how targeting 
protein domains can be useful for development of therapeutic agents that are 
potentially less toxic than current drugs because of their higher level of 
specificity. The advantage of dealing with a protein target directly and the 
potential to functionally neutralize specific protein domains taken together 
with the high degree of specificity and affinity that antibodies can show have 
made the use of intrabodies for intracellular applications more and more 
important in the fields of functional genomics and target validation 
(Cattaneo and Biocca, 1997). 



2. DEVELOPMENT OF INTRABODIES 

Intrabodies have been generally derived from specific monoclonal 
antibodies or from antibody fragments (most commonly the single-chain Fv 
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(scFv) format) that were initially selected for specific antigen-binding 
activity by in vitro techniques (phage- or ribosome-display) and 
subsequently tested for their performance as modulators of antigen function 
within eukaryotic cells (Portner-Taliana et al., 2000; Visintin et al., 1999; 
Worn et al., 2000). This procedure does not ensure that the in v/fro-isolated 
antibodies also bind their cognate antigen in the cytoplasm of a cell. In fact, 
the cytoplasm is a non-physiological environment for antibodies, which 
naturally work outside cells. The reducing conditions within the cytoplasm 
prevent the formation of the highly conserved disulfide bonds, which 
guarantee proper folding and stability of antibody frameworks also in the 
scFv format. Thus, the intracellular expression of antibodies is generally 
confronted with difficulties concerning folding, stability and solubility 
(tendency to aggregate) (Worn et al., 2000). For this reason most antibodies 
and antibody fragments have been found to be inactive inside eukaryotic 
cells (Biocca et al., 1995; Martineau et al., 1998). As a consequence of these 
facts, highly stable and soluble antibody frameworks, which can fold even in 
the absence of the disulfide bonds and do not undergo aggregation, are 
required for the application of intrabodies as potential modulators of protein 
function in vivo (Mossner et al., 2001; Worn and Pluckthun, 2001). 

Since only a small fraction of a typical scFv antibody library will 
generally have sufficient stability for intracellular applications (Portner- 
Taliana et al., 2000), one approach to obtain a much higher number of 
functional intrabodies can be provided by constructing randomized 
hypervariable loop libraries on antibody frameworks that have been pre- 
selected for high stability and solubility in an intracellular environment (Auf 
der Maur et al., 2002). The few antibodies that have been found to function 
in an intracellular environment and that have been characterized for their 
biophysical properties have generally shown a high degree of stability and 
solubility (Auf der Maur et al., 2002; Worn and Pluckthun, 2001). The 
sequence requirements that make antibody frameworks very stable such that 
they might also function in an intracellular environment are only now 
emerging (Ewert et al., 2003). At ESBATech, we have developed a simple 
technology, called “Quality Control”, which allows rapid selection of stable 
and soluble antibody frameworks in vivo without the requirement or 
knowledge of antigens, (Auf der Maur et al., 2001). 

The “Quality Control” system to identify intracellular stable and soluble 
antibody frameworks (most commonly scFvs) is based on the hypothesis that 
stability and solubility (and therefore the activity) of a fusion protein 
composed of a constant, selectable marker fused to, for example, an scFv is 
determined by the quality of the scFv moiety. To test this hypothesis, and to 
prove the principle of the method, a number of well-characterized scFvs 
were fused to a marker protein, which, when expressed in an active form, 
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can specifically activate expression of selectable reporter genes in yeast (Auf 
der Maur et al., 2001). Figure 8.1 depicts the principle of our method as 
tested with the marker protein composed of a peptide (P) linked to a 
transcriptional activation domain (AD). 





Figure 8.1. The “Quality Control” system for the antigen-independent selection of 
intracellular stable antibody frameworks. Antibody fragments are fused to a selectable marker 
protein comprising a transcriptional activation domain (AD) and a peptide derived from 
Gall IP (P), which can mediate the specific interaction with the DNA-bound Gal4 (1-100) 
fragment. The basic concept of the “Quality Control” system is that the activity of the entire 
fusion protein carrying the selectable marker is dependent on the stability and solubility of the 
antibody moiety. A: A fusion protein carrying a stable and soluble antibody fragment is 
tethered to DNA via the Gal4( 1-1 00)-Gal 1 IP interaction where it activates transcription of the 
divergently oriented lacZ and HIS3 reporter genes (bent arrows). B: Unstable and/or insoluble 
antibody moieties lead to inactivation of the entire fusion protein (dashed lines), thus 
impeding activation of transcription of the reporter genes (crossed arrows). 

The peptide (P) was derived from the mutant form of the yeast protein 
Galll called Gall IP. It has been previously shown that only the mutant 
Gall IP peptide, but not the wild-type sequence, specifically interacts with 
the dimerization region of the DNA-binding Gal4 fragment comprising the 
first 100 amino acids (Barberis and Gaudreau, 1998; Barberis et al., 1995). 
The activation domain (AD) of Gal4 is known to activate transcription when 
tethered to DNA via protein-protein interactions (Fields and Stemglanz, 
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1994). According to the hypothesis outlined above, a fusion protein bearing 
a soluble and stable antibody fragment should be tethered to DNA via the 
Gal4(l-100)-Gall IP interaction and, thus, activate transcription of the 
reporter genes, whereas an unstable and/or insoluble antibody fragment 
should render the entire fusion protein inactive (Fig. 1). The divergently 
oriented lacZ and HIS3 reporter genes allow quantification of the level of 
gene activation and positive growth selection on selective media, 
respectively (Auf der Maur et al., 2001). The possibility to select for 
antigen-independent cell growth stimulation is particularly useful for 
screening naive antibody libraries fused to the marker protein in order to 
select frameworks that are stable and soluble in an intracellular environment. 
This technology also allows improving the intracellular performance of an 
existing binder, which might be poorly stable or prone to aggregation, 
through a “framework evolution process” by random diversification of the 
primary sequence and subsequent growth selection in yeast. It is worth 
noting that the assessment of solubility and stability of a recombinant 
antibody fragment by means of cellular expression is not necessarily 
restricted to transcriptional activity. These properties can also be tested with 
alternative types of “constant markers”, which provide certain selectable 
activity that is dependent on the stability and solubility of the intrabody. 

In our laboratories, analysis of more than 50 framework sequences that 
were selected in the “Quality Control” system showed that they belong to 
subfamilies of variable domains with a track record of high stability and 
good folding properties in vitro (Ewert et al., 2003). In agreement with this 
sequence analysis, the biophysical characterization of some of the selected 
frameworks in vitro confirmed their high degree of stability and solubility 
under various conditions. Moreover, production of these antibody fragments 
from bacteria gave significantly higher yields than those obtained with 
average antibodies, i.e. over 100 mg proteins per liter culture. 

Frameworks selected in the “Quality Control” system subsequently serve 
as scaffolds or acceptor backbones to construct “complementarity 
determining region” (CDR) libraries by randomization of one or more 
hypervariable loops. Such antibody libraries based on “super-stable 
frameworks” are then screened to identify antigen-specific binders either in a 
phage display format or again in yeast in a modified two-hybrid system 
(Fields and Stemglanz, 1994), in which purification of the antigen is not 
required (Auf der Maur et al., 2002). In this assay, the antibody fragment is 
linked to a transcriptional activation domain, while the target antigen is 
linked to a DNA-binding domain. A specific interaction between the 
antibody fusion protein and the antigen leads to expression of reporter genes, 
thus allowing an efficient screen of intrabody libraries by yeast cell growth 
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selection (Auf der Maur et al ., 2002; Portner-Taliana et al., 2000; Visintin et 
al., 2002; Visintin et al., 1999). 

The “Quality Control” system to select intrabody frameworks, taken 
together with the antigen-specific screening of libraries constructed on such 
“super-stable frameworks”, open new possibilities to obtain highly 
performing intrabodies suitable for intracellular applications. However, one 
problem for the efficient screening of large libraries in yeast is caused by the 
comparatively low transformation efficiency that can be achieved in this 
organism. In contrast, in vitro screening techniques such as ribosome display 
(Hanes and Pluckthun, 1997) or mRNA display (Wilson et al., 2001) can 
explore libraries that reach a complexity of approximately 10 13 to 10 14 . Thus, 
the low transformation efficiency of yeast appears to be disadvantageous for 
screening highly complex CDR libraries. In order to solve this problem, we 
apply the following strategy. Given that a typical intrabody library is based 
on a framework that is optimised for the reducing environment of the 
cytoplasm and that the antigen-antibody interaction is selected in vivo, it is 
conceivable that at least weak binders can be identified from less complex 
libraries. Thus, we first randomise just a few but crucial amino acids, starting 
for example with the CDR3 of the variable heavy chain, which is the most 
important antigen-binding sequence. Thereby, the library presents a 
complexity that can still be completely screened in yeast. Since the chance to 
immediately isolate a high-affinity binder is rather low, it is reasonable to 
follow a stepwise approach (Auf der Maur et al., 2002). Thus, in a first 
screening round low affinity binders are isolated while in a second round 
randomisation of another CDR is performed and the derived library is again 
selected in vivo under increased selection stringency. 



3. APPLICATIONS OF INTRABODIES 

3.1 In functional genomics 

Intrabodies have been shown to interfere with protein function in a 
number of ways, affording them great potential for the use in functional 
genomics and target validation. Intrabodies directed against specific domains 
can for example block protein-protein interactions. In collaboration with the 
laboratory of Dr. Andreas Pluckthun, we have shown that intracellular stable 
single-chain antibodies targeted against the dimerization domain of the yeast 
transcriptional activator Gcn4 significantly reduced its activation function 
(Worn et al., 2000). Gcn4 belongs to the family of proteins with a leucine 
zipper dimerization domain that is required for efficient and sequence 
specific DNA binding (Hope and Struhl, 1987). Two point mutations in the 
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leucine zipper motif that prevented dimer formation in vitro (Leder et al., 
1995) also abolished the transcription activation function of Gcn4 in vivo 
(Worn et al., 2000). Our results show that intracellular single-chain 
antibodies directed against the Gcn4 leucine zipper, which have been shown 
to interfere with dimerization of this protein in vitro (Berger et al., 1999), 
could reduce activation of a Gcn4-dependent gene to various extents down to 
about 15% (Worn et al., 2000). The different inhibitory effects of these 
various intrabodies directed against the Gcn4 dimerization domain correlated 
with their stability and solubility (Worn et al., 2000), thus indicating the 
importance of these parameters for designing or selecting effective 
intrabodies. 

Domain-specific intrabodies have also been shown to interfere with 
protein-DNA interactions. An intracellular scFv derived from a monoclonal 
antibody, which was characterized for its ability to specifically prevent DNA 
binding by the human transcription factor ATF-1 in vitro, inhibited ATF-1 - 
activated transcription in vivo as well as ATF-1 dependent tumorigenicity 
and metastatic potential of transfected melanoma cells in mice (Jean et al., 
2000 ). 

In addition to blocking protein activities, and in contrast to gene or RNA 
knockout techniques, intrabodies directed against specific domains can also 
have agonistic effects, thus stimulating or even restoring target protein 
function. For example, two intrabodies able to associate with p53 and to 
restore DNA binding activity of some p53 mutants in vitro were shown to 
recover the transcriptional activity of these p53 mutants in transfected tumor 
cells (Caron de Fromentel et al., 1999). 

A number of studies have demonstrated the ability of intrabodies to 
interfere with cellular processes by relocating specific proteins so as to take 
them away from their natural site of action. For example, redirecting the 
cytoplasmic Tau protein to the nucleus neutralized its function (Visintin et 
al., 2002). Diverting Ras from its natural location by Ras-specific 
intrabodies also caused neutralization of its function (Lener et al., 2000). It is 
worth noting that this particular antibody was shown to have no effect on 
Ras in an in vitro system and, therefore, its neutralizing effect in vivo was 
solely due to its ability to relocate the target to a “silencing” site. A further 
example for this mode of action of intrabodies is provided by the results of 
Zhu et al., who showed that relocation of Caspase 7 by nuclear-targeted 
specific intrabodies significantly inhibited staurosporine-induced apoptosis 
(Zhu etal., 1999). 

Intrabodies have been shown to affect intracellular protein functions in a 
variety of biological systems. To date, most of the data regarding the use of 
intrabodies to analyse protein function, as well as to test their potential 
therapeutic application, have been obtained from experiments performed 




164 



Alcide Barber is et al 



with cultured mammalian cells (Cattaneo and Biocca, 1999; Marasco, 1997). 
However, the first application of intrabodies in functional genomics was 
established in yeast (Carlson, 1988). 

In addition to their broad use in single-cell biological systems, 
intrabodies have also been shown to function in multicellular organisms. For 
example, constitutive expression in transgenic plants of an intrabody 
directed against a plant virus caused reduction of viral infection incidence 
and significantly delayed the development of symptoms (Tavladoraki et al., 
1993). Intrabodies have also been successfully applied in the fruit fly 
Drosophila melanogaster to functionally neutralize the transcription factor 
Poxn, leading to the reproduction of the poxn' phenotype (Hassanzadeh et 
al., 1998). 



3.2 In therapy 

Although intrabodies have not yet been used to cure human diseases, 
their specific biophysical properties (high stability and solubility) that allow 
them to function also in the adverse intracellular environment, taken together 
with the general characteristics of antibodies (high affinity and specificity), 
make them promising tools for therapeutic applications. 

The most straightforward application of intrabodies in therapy studies is 
through intracellular expression of these proteins from genes inserted into 
target cells. This has been achieved by gene therapy approaches using viral 
vectors for gene delivery and expression. One of the most advanced 
applications of intrabodies in a gene therapy setting is represented by the 
ability of specific intrabodies to block replication of a virus in transduced 
human cells (Marasco, 1997; Mhashilkar et al., 1995). The pioneering work 
of Marasco and collaborators from the Dana-Farber Cancer Institute in 
Boston has demonstrated the successful use of intrabodies directed against 
HIV-1 proteins or their functional partners in inhibiting viral replication in 
targeted T cells, thus making these cells permanently resistant to viral attack. 
In their most recent work (Bai et al., 2003), these authors have shown that 
intrabodies binding the human hCyclin T1 protein, whose interaction with 
the HTV-1 Tat protein is required for efficient production of full-length viral 
genome, were able to inhibit Tat-mediated transactivation and HTV-1 
replication in transfected human T cells. Since these intrabodies did not 
inhibit cellular basal transcription or cause any other apparent side effect, the 
results of Marasco and collaborators represent a significant step towards 
gene therapy strategies to treat HTV-1 infection and AIDS that are based on a 
so-called “intracellular immunization”. Despite the success of current highly 
active anti-retroviral therapies (HAART) for the treatment of AIDS, a large 
proportion of HTV-1 -infected patients become refractory to these treatments 
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or do not tolerate for a long period of time the toxic effects of this therapy. 
Gene therapy through the introduction of anti-viral resistance genes into 
CD4+ T cells, or even more appropriately into pluripotent hematopoietic 
CD34+ stem cells, is one important approach that could give long term in 
vivo protection to cells that are susceptible to HTV-1 . 

A technique that emerged a few years ago, which has recently received 
increasing attention, might become an important alternative to the gene 
therapy approach for delivering intrabodies or other proteins inside cells. 
“Protein transduction”, or “protein therapy”, as this novel approach is called, 
is based on the observation that proteins fused to some particular short 
peptides, such as that derived from the HIV-1 Tat protein, can efficiently 
cross cell membranes and thus be delivered into tissues (Wadia and Dowdy, 
2002). The first “protein therapy” experiments were performed with tissue 
culture cells in Petri dishes (Derossi et al., 1996; Nagahara et al., 1998). The 
in vivo breakthrough came with the work of Dowdy and collaborators, who 
showed that intraperitoneal injection of p-galactosidase fused to the protein 
transduction domain (PTD) of the HIV-1 Tat protein resulted in delivery of 
the biologically active hybrid protein to all tissues in mice, including the 
brain (Schwarze et al, 1999). More recently, Ohta and collaborators have 
shown that a potent derivative of the antiapoptotic protein Bc1-Xl fused to 
the Tat peptide could readily enter cultured neurons and protect them from 
apoptotic stimuli. More importantly, when injected intraperitoneally into 
gerbils, this hybrid protein efficiently prevented neuronal death triggered by 
transient global ischemia (Asoh et al., 2002). 

For the development of intrabodies as therapeutic proteins, it will be 
important to further study their application in gene therapy, as well as to test 
them as fusion proteins with transducing peptide motifs in “protein therapy” 
approaches. It is important to note that, while a high degree of stability and 
solubility of antibody fragments is absolutely required for intracellular 
applications in gene therapy or “protein therapy”, these properties are very 
much desirable also for classical therapeutic applications of antibodies 
towards extracellular targets and as diagnostic tools (Harris, 1999; Willuda 
et al., 1999). Moreover, high stability and solubility of these proteins greatly 
facilitate their expression and purification from microorganisms such as 
bacteria and yeast, thus lowering costs and reducing time for their 
production (Hudson and Souriau, 2003). 
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1. INTRODUCTION 

Monoclonal antibodies are attractive tools for cancer therapy and have 
now come of age as therapeutics. Their exquisite specificity, combined with 
their ability to activate potent effector functions makes them an ideal tool for 
cancer therapy. Depending on their classes and subclasses, antibodies can 
activate complement and/or trigger effector functions such as Antibody- 
Dependent Cell Cytotoxicity (ADCC) following interactions with the 
receptors for the Fc region of IgG or IgA (FcyR and FcaR). Over the last 
decade, therapeutic antibodies have moved to the forefront of protein drug 
development, mostly due to the formidable capacity to engineer their 
immunogenicity, their affinity and their functions (Mehren et al., 2003). 
Therapeutic monoclonal antibodies are currently being used to target either 
soluble circulating molecules such as cytokines or cell surface antigens 
following systemic delivery. They also represent exciting tools for the 
targeted delivery of drugs, enzymes, and toxins at the site of the tumours. In 
addition, antibody-based radio-immunotherapy (RIT) should make it 
possible to circumvent the limitation of the treatment of solid tumours with 
antibodies due to the weak penetration of intact antibody molecules. 

The specific targeting of intracellular molecules involved in a variety of 
cellular functions altered in tumour cells has been a major goal of the 
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pharmaceutical industry for several decades. However, it is clear that the 
search for new chemical compounds that exhibit an exquisite specificity and 
a high affinity for intracellular targets has become an extremely difficult 
task, a quest for the Holy Graal. Huge libraries of chemical compounds have 
been screened using High-Throughput Screening (HTS), but the number of 
drugs that have been then developed and marketed are limited if one 
consider the efforts made. 

By contrast, molecules that were rationally designed, based on structural 
and functional studies of mutated proteins in tumour cells, such as STI-571, 
are very promising on a clinical point of view. Thus, the idea that antibodies, 
that are naturally “rationally designed” by the immune system to bind target 
antigens with high specificity and affinity, could be also used as intracellular 
drugs has emerged in the early 90’s (Biocca et al., 1990; Marasco et al., 
1993). 

The intracellular expression of recombinant antibodies has enormous 
potential advantages (Cochet et al., 1998a; Marasco, 2001; Cohen, 2002). 
First, they can be expressed under short fragments such as Fab’ or single 
chain Fv (scFv) molecules since they do not require the presence of the Fc 
region for triggering the effector functions of the intact molecule. ScFv are 
single polypeptide chains made of one heavy chain variable region (VH) 
linked through a flexible spacer to one light chain variable region (VL) that 
can be readily cloned and expressed. Second, the exquisite specificity of 
intact antibodies is maintained, minimising therefore the risk of cross- 
reactivity with other cellular molecules. In addition, intracellular antibodies, 
or intrabodies, can be addressed to any cell compartment by adding 
appropriate localisation sequences by molecular engineering (Fig. 9.1). It 
allows to stabilise the intrabody and to potentiate its functional effect by 
increasing its local concentration in the vicinity of the targeted molecule 
(Cochet et al ., 1998a). A recent study by Nizak et al. (2003) has shown that 
intrabodies represent also remarkable conformation sensors and can be used 
to bind and track specific conformers within a cell, suggesting that they 
represent indeed a powerful tool both for basic science and therapy. 

Intrabodies have been used against a number of molecules with various 
sub-cellular localisations (Fig. 9.1). They have provided the basis for 
phenotypic knock-outs («Antibody-Mediated Knock-Out», AMKO) via the 
binding and sometimes the relocalisation of the targeted antigen. Besides 
their use to neutralise molecules or block antigen-trafficking within cells, 
intrabodies have been also used to restore biological functions such as 
transcriptional activity. The first intrabody to be reported was a recombinant 
Fab’ directed against the gpl60 HIV-1 protein (Marasco et al., 1993), 
present in the endoplasmic reticulum (ER). Intrabodies have been also 
targeted to oncogenic molecules bound to the inner face of the plasma 
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membrane (p21 ras ) (Cochet et al., 1998b; Tanaka and Rabbitts, 2003) or 
present in the nucleus (the E7 protein, encoded by the human papilloma 
virus type 16) (Wang-Johanning et al., 1998). Intrabodies that restore the 
phenotypic function of mutated p53 tumour suppressor gene products (Caron 
de Fromentel et al., 1999), or prevent the expression of the high affinity IL-2 
receptor on cell surface have been reported (Richardson et al., 1995). Other 
intrabodies directed against the Syk kinase (Dauvillier et al., 2002), the 
caspases 3 and 7 (Rajpal and Turi, 2001; Zhu et al., 1999), and the 
hCyclinTl (Bai et al., 2003) have been shown to interfere with the functions 
of these molecules. In addition, it has been reported that intrabodies 
counteract in situ huntingtin aggregation in a cellular model of Huntington's 
disease (HD). It suggests that intrabody-mediated modulation of abnormal 
neuronal proteins may contribute to the treatment of neuro-degenerative 
diseases such as HD, Alzheimer's, Parkinson's, prion disease, and the spino- 
cerebellar ataxias (Lecerf et al., 200 1 ). 




Nucleus 



Cytosol 



Plasma membrane 



Figure 9.1. Targeting single-chain Fv towards sub-cellular compartments. The addition of 
localisation (Nuclear Localisation Signal or NLS, CAAX box) or retention (SEKDEL) signals 
by molecular engineering allows the increase of the antibody concentration in the vicinity of 
the targeted molecule, thus potentiating the functional effect of the scFv. 
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Recombinant proteins can be also expressed on the surface of target cells 
rather than within the cells. In that case, the aim is to recruit and activate 
immune cells, not to trigger endogenous deleterious events in the targeted 
cells or to restore a wild-type phenotype. Tumour cells expressing cytokines 
(Gansbacher et al., 1990; Guarini et al, 1995), MHC class II molecules 
(Armstrong et al., 1997), co-stimulatory molecules (Townsend and Allison, 
1993; Imro et al., 1998), or a combination of these molecules (Hurwitz et al., 
1998) have been used to induce tumour regression in mice. Tumour cells 
have been also engineered to express scFv directed against activating 
receptors expressed on different cell types of the immune system 
(Kontermann and Muller, 1999; Gruel et al., 2001). Such antibodies have 
been termed extrabodies. This approach is particularly attractive when 
compared to antibodies that target surface antigens: the use of antibodies or 
bispecific antibodies in cancer therapy requires the generation of anti-tumour 
antibodies specific for a given tumour type, which has strongly limited the 
use of therapeutic antibodies in cancer patients so far. Moreover, the 
injection of antibodies into the peripheral blood of patients has a limited 
efficacy due to a non-specific binding of the antibodies to FcyR + circulating 
cells and a rapid catabolism. 

We describe below in more details the use of intrabodies that interfere 
with p21 ras and p53 functions as well as the expression of an anti-FcyR scFv 
on the surface of tumour cells to activate immune FcyR + cells. 



2. GENERATION AND USE OF INTRABODIES: 

THE P21RAS AND P53 CASES 

An attractive strategy for generating intrabodies is to derive antibody 
fragments from well-characterised mouse or rat hybridomas. Many well- 
characterised murine monoclonal antibodies directed against oncogenic or 
viral molecules are available. However, once a scFv has been cloned and 
transferred into an eukaryotic expression vector, its expression in 
mammalian cells under native form can be difficult to obtain. Antibody 
fragments expressed in the cytosol can be highly aggregated, which reduces 
their half-life and, thus, their efficacy (Cochet et al., 1998a; Cardinale et al., 
2001). This is likely due, at least in part, to the reduced state of scFv present 
in the reducing environment of the cytosol. Moreover, the monomeric or 
divalent forms, the levels of expression, and the cellular localisation have 
also an impact on the functional efficacy of intrabodies. To overcome the 
problems of misfolding and unstability, a number of approaches have been 
proposed. First, a selection assay for functional intracellular antibodies using 
an in-cell two-hybrid system has been described (Visintin et al., 1999). It 
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allows the de novo selection of intrabodies from scFv libraries in the 
reducing environment of yeast. In addition, a common signature of 
conserved amino-acid residues has been deduced from sequence analysis of 
scFv isolated using this assay, suggesting that a consensus sequence for 
intracellular antibodies may characterise stable intrabodies (Visintin et al, 
2002). Second, stable and functional scFv without disulfide bonds can be 
obtained by molecular evolution (Proba et al, 1998) or rational design 
(Wirtz and Steipe, 1999). 

In most cases, the antibody fragment, either Fab’ or scFv, exhibits 
properties similar to the parental antibody, with the same affinity or a 
decreased affinity. Once cloned, the versatility of recombinant antibody 
fragments for intracellular targeting is remarkable. The N-Terminus or the 
C-Terminus part of scFvs can be fused to sequences that allow to target 
various cell compartments (Fig. 9.1). SEKDEL sequence allows the 
retention of recombinant antibodies within the ER and, hence, can be used to 
block the expression of receptors on the cell surface (Richardson et al., 
1995; Bilbao et al., 2002) or the assembly of virions (Marasco et al., 1993). 




Figure 9.2. The addition of a CAAX box localisation signal sequence (upper middle panel) or 
of a Ck sequence derived from the human k light chain (lower middle panel), or both (lower 
panel), at the 3’ of an anti-Ras cDNA scFv increases the stability and potentiate the 
neutralisation of mutated Ras (Cochet et al, 1998a ; Cochet et al., 1998b). 
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The Nuclear Localisation Signal (NLS) sequence derived from the SV40 
T antigen makes it possible to target nuclear proteins such as p53, although 
the latter molecule has been shown to induce the translocation of anti-p53 
scFvs lacking NLS signal (Caron de Fromentel et al ., 1999). The CAAX box 
motif can be used to target molecules present at the inner face of plasma 
membrane. Its addition to the anti-Ras Y 13-259 scFv allowed to increase the 
scFv half-life and its neutralising effect (Cochet et al ., 1998a) (Fig. 9.2). 
Similarly, the addition of the constant domain of the human Ck light chain at 
the C-terminus part of the scFv (Fig. 9.2) allows to improve significantly the 
stability of recombinant antibody fragments (Cochet et al , 1998a; 
Mhashilkar et al . , 1995). It is likely due to the ability of Ck regions to form 
homodimers. These dimers exhibit an increased avidity for the antigen due 
to their divalent structure, which provokes a stronger antibody/antigen 
interaction, thus stabilising the scFv molecule. This approach has been 
proved useful for stabilising the anti-Ras Y 13-259 scFv (Cochet et al ., 
1998a). Interestingly, the cytosolic distribution of the anti-Ras scFv-Ck was 
found identical to the unmodified anti-Ras scFv. However, the fusion 
molecule was detected for much longer periods of time in transfected cells. 
However, the addition of the Ck domain did not significantly improve the 
neutralising efficacy of the scFv. Only, the anti-Ras Y 13-259 scFv-CAAX or 
the anti-Ras Y 13-259 scFv-Ck-CAAX exhibited an increase ability to inhibit 
Ras-induced signalling and to induce apoptosis. Thus, the concentration of 
scFv in the vicinity of the target molecule can markedly increase its stability 
and efficacy, even when it shows a tendency to aggregate when expressed as 
an unmodified form in the cytosol. The ability of scFv to readily interact 
with the target molecule is a critical parameter to ensure its stability and 
efficacy as shown by experiments performed with anti-p53 scFv (Caron de 
Fromentel et al . , 1999). When two anti-p53 scFv were expressed in tumour 
cells, their localisation was dependent on the presence or absence of p53 in 
the cells. ScFv were detected in the nuclei of tumour cells expressing p53, 
even in absence of a NLS sequence at their C-terminus end, indicating that 
the p53-scFv complexes are translocated into the nucleus by the signalling 
nuclear sequence of p53. By contrast, when the unmodified scFv were 
expressed in p53 _/ ' cells, they exhibited only a cytosolic localisation, with a 
patchy aspect. 

The function of the anti-ras Y 13-259 scFv was investigated by studying 
its effect on the transcription from the polyoma virus-thymidine kinase (Py- 
TK) promoter that is strongly activated by expression of Ras in NIH 3T3 
cells. Cells were co-transfected with a plasmid containing the 
chloramphenicol acetyl transferase (CAT) gene under the control of the Py- 
TK promoter, and expression vectors containing an oncogenic Ras and the 
Y 13-259 scFv under the control of the SV40 early promoter. Oncogenic Ras 
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strongly enhanced the rate of transcription from the Py element. Expression 
of Y13-259 scFv inhibited activation of the Ras-responsive element that 
resulted from the expression of Ras. To further demonstrate the specificity of 
Y 13-259 scFv effect, whether the scFv would affect oncogenic Raf 
transcriptional activity, which is independent from cellular Ras, was studied. 
The transcriptional activation of the Ras-reporter gene induced by oncogenic 
Raf was not inhibited by expression of Y 13-259 scFv. Finally, a control 
scFv derived from the non-neutralising anti-ras Y 13-238 antibody (Cochet et 
ah, 1998c), had no effect on either Ras or Raf-induced CAT activity. 
Apoptosis was then examined by monitoring the percent viability of in vitro 
cultured HCT116, a colon carcinoma cell line expressing a mutant Ki-Ras 
gene, injected with either Y 13-259 or Y 13-238 scFv plasmids. In contrast to 
cells injected with control scFv plasmid, only a small percentage of HCT1 16 
cells injected with Y 13-259 scFv was still viable after one day in culture. 
This loss of viability was shown to occur via an apoptotic pathway as 
measured by DNA end-labelling techniques. In vivo experiments using the 
anti -Ras Y1 3-259 scFv strengthened these observations and have been 
promising on a clinical point of view. The Y 13-259 scFv cDNA was cloned 
into an adenoviral vector, downstream of a CMV promoter. The injection of 
a single dose of 2xl0 9 pfu of Ad-Y 13-259 scFv into pre-established HCT1 16 
tumours dramatically affected tumour growth which was efficiently stopped 
for 20 days. However, tumour growth resumed after that period. When 
multiple injections of the same dose of Y 13-259-expressing adenovirus 
were realised, tumour regression was much more pronounced and the 
animals remained tumour-free for an additional 20 days (Cochet et al . , 
1998b). The capacity of intrabodies to act in vivo as therapeutic molecules 
has been also demonstrated in other models (Curiel, 2000). 

The in vitro functional efficacy of intrabodies has been also exemplified 
using anti-p53 intracellular antibodies (Caron de Fromentel et al ., 1999). In 
that case, the aim was not to neutralise the mutated molecule but to restore 
its transactivating activity. Some anti-p53 monoclonal antibodies are able to 
increase the sequence-specific DNA binding of wild-type (wt) p53 and to 
restore the sequence-specific DNA binding of some p53 mutants in vitro 
(Hupp et al , 1992). Anti-p53 scFvs were derived from two of these 
antibodies and tested for their ability to induce a phenotypic reversion. They 
were first tested for their ability to enhance the DNA binding activity of wt 
p53 or to restore the DNA binding activity of p53 mutant His273, by 
electrophoretic mobility shift assay. Both scFvs were able to enhance or 
restore the DNA binding of wt or mutant p53, respectively. One scFv was 
then cloned into an eukaryotic expression vector. Another construct was also 
derived, in which the nuclear localisation signal (NLS) from SV40 large T 
antigen was added at the C-terminus of the scFv. When the p53~ HI 299 
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human lung carcinoma cell line was transfected with the scFv cDNA alone, 
cytoplasmic staining and possibly nuclear staining were detectable, showing 
that the scFv was stably expressed in the cells. The co-expression of the 
mutant p53 His273 strongly increased the concentration of the scFv in the 
nucleus, even in absence of the NLS sequence, suggesting that p53 and the 
scFv were able to associate in cells and that p53 was able to drive the scFv 
into the nucleus. The ability of the scFv to restore the DNA binding activity 
and the transcriptional function of p53 mutants was then examined. The 
tumour cell line HI 299 was co-transfected with various combinations of 
plasmids encoding the CAT reporter gene under the control of a p53 
responsive element, the scFv, wt p53, p53 mutant His273 or His 175. The 
expression of the scFv, scFv-NLS or the p53 mutant His 175 did not affect 
the basal level of CAT activity. The expression of the p53 mutant His273 led 
to a weak transcriptional activity, corresponding to 10% of the signal 
obtained with wt p53. Co-expression of the scFv or scFv-NLS with the p53 
mutant His273 led to an increase in the His273-associated transcriptional 
activity. This effect was not observed with the His 175 mutant which had 
previously been shown to be unsensitive to the activation induced by the 
antibody used to derived the scFv (Hupp et al., 1993). Thus, this work is an 
interesting example where intrabodies can supply a gain of function, i.e., the 
restoration of the deficient transactivating function of a nuclear transcription 
factor, besides being used as neutralising molecules. 



3. EXTRABODIES ON TUMOUR CELLS: 
RECRUITING IMMUNE CELLS 

The use of extrabodies has been first described to re-direct T cell 
cytotoxicity (Hwu et al., 1995). Chimeric antibody/T-cell receptor genes 
composed of the variable domains from monoclonal antibodies joined to T- 
cell receptor-signalling chains were designed. It was then demonstrated that 
T cells retrovirally transduced with these genes, termed T-bodies, can 
recognise antibody-defined antigens and that this recognition leads to T-cell 
activation, specific lysis, and cytokine release. Conversely, one can think 
that recombinant antibodies expressed on tumour cells and directed against 
activating molecules on immune cells could act as a trigger to induce a 
reverse cytotoxicity and other effects (the «Hooking tumour strategy»). 
Ideally, the targeted antigen should be expressed on a variety of immune 
cells harbouring different effector functions, by contrast to the T-bodies that 
are restricted to a small subset of cytotoxic T cells. An interesting target 
candidate is FcR. The targeting of FcyR or FcaR by a specific ligand 
expressed on tumour cells has multiple advantages compared to the surface 
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expression of other proteins such as CD3 or co-stimulatory molecules. In 
contrast to these molecules, FcR are widely expressed on a large variety of 




Figure 9.3. Immunotherapy strategy based on the expression of anti-FcyR scFv on tumour 
cells (the «Hooking tumour strategy))). FcyR + NK cells can be recruited to kill tumour cells 
through the activation of FcyRIII. The enhancement of phagocytosis of tumour cells or cell 
extracts by antigen-presenting cells through FcyR could also induce a protective long-term 
immunity to tumours by allowing recruitment of specific T cells. 

cells of the immune system and their engagement provokes the activation of 
multiple cell functions (Hulett and Hogarth, 1994). Interestingly, cells from 
both innate and adaptative immunity can be recruited and activated by the 
binding to and triggering of FcR. On the one hand, potent FcyR + killer cells 
such as G-CSF-activated neutrophils or NK cells can be recruited to directly 
kill tumour cells through the activation of FcyRI (Michon et al., 1 995) or 
FcyRIII (Weiner et al., 1993), respectively. On the other hand, the 
enhancement of phagocytosis of tumour cells or cell extracts by 
antigen-presenting cells such as dendritic cells through FcyR could induce a 
protective long-term immunity to tumours by allowing recruitment of T cells 
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(Kalergis and Ravetch, 2002). An approach based on the expression of anti- 
FcyR scFv on tumour cells was therefore developed. The ability of tumour- 
expressed anti-FcyR scFv to activate immune cells in vitro and to prevent 
tumour growth in vivo was then examined (Gruel et al., 2001) (Fig. 9.3). 

A functional scFv directed against human FcyRIIl (CD 16) was derived 
from the 3G8 mouse monoclonal antibody and fused to the transmembrane 
domain of the Platelet-Derived Growth Factor Receptor (PDGF-R). The 
scFv was then expressed at the surface of human HI 299 lung carcinoma 
cells. Its binding to soluble biotinylated FcyRIIl ectodomains indicated that 
the fusion molecule was correctly folded and expressed at the tumour cell 
surface. It induced the secretion of IL-2 and TNFa when tumour cells were 
co-cultured with FcyRIII + transfected T cells (Jurkat-CD16/y) or monocytes, 
respectively. Furthermore, NK cells killed HLA + class I HI 299 lung 
carcinoma tumour cells expressing the anti-FcyRHI scFv but not the parental 
cells, indicating that the expression of anti-FcyRIII scFv at the tumour cell 
surface can overcome the Killer Inhibitory Receptor (KIR)-mediated 
inhibition of NK cell cytotoxicity. The presence of anti-FcyRIII scFv on 
HI 299 cells also enhanced tumour phagocytosis by FcyR + antigen-presenting 
cells. Last, in vivo Winn tests performed in SCID mice indicated that the 
expression of anti-CD 16 scFv at the tumour cell surface prevents the growth 
of HI 299 cells. 

The recruitment of effector immune cells by anti-FcyR scFv expressed 
on the surface of tumour cells has a number of advantages. First, it allows to 
trigger FcyR-dependent cell functions and to induce cell cytotoxicity without 
requiring the isolation and use of specific anti-tumour antibodies. This 
represents an important benefit since many tumours do not express specific 
tumour antigens and only a few monoclonal antibodies that can be used to 
target cancer cells are available. Second, the negative immuno-modulatory 
function exerted by KIR on NK cells can be prevented by expressing 
anti-FcyRIII antibodies on HLA + tumour cells otherwise resistant to NK cell 
activity. The balance between the positive signal triggered by FcyRIIl and 
the negative signal due to the KIR/HLA interaction can be modified in 
favour of the cytotoxic pathway. 

Thus, anti-FcyRIII scFv expressed on tumour cells may be a useful 
therapeutic tool, since it has been suggested that KIR are responsible for the 
lack of control of tumour cell growth by killer cells (Mingari et al., 1998). It 
has also several advantages over the use of engineered bispecific antibodies 
directed against FcyR and tumour antigens (Segal et al., 1999). No systemic 
delivery is needed: an intra-tumour gene delivery system can be used, 
allowing the expression of the anti-FcyR scFv in situ. It will avoid the rapid 
clearance of the injected antibody by FcyR + cells present in the peripheral 
blood. 
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4. CONCLUSIONS 

Although the use of intrabodies represents an exciting approach to treat 
patients with diseases where no drugs are available, there are still a number 
of important problems that are likely to hamper its success. First, an 
adequate delivery of the cDNA encoding the antibody fragment into the 
targeted cells remains elusive, as methods for in vivo gene delivery are still 
poorly controlled. The extrabody approach described above may represent a 
peculiar case. One can expect that the recruitment of even a limited number 
of FcyR + cells can be sufficient to trigger a potent anti-tumour immune 
response, although it has still to be documented in animal models. Second, 
the cloning and the expression of functional intrabodies is far from being 
trivial. Although the generation of scFvs from hybridomas can be readily 
performed in many cases, the cloning of functional variable regions can be 
made difficult due to : i) a lack of amplification of VH or VL cDNA even 
when using primers optimised for RT-PCR and/or ii) the presence of 
aberrant variable region transcripts which are preferentially amplified. In 
addition, the lack of clearly defined structural rules that are predictive of 
intrabody stability makes it difficult to generate the most efficient 
intracellular antibodies so far. Progress in the knowledge of antibody 
fragment stability and in techniques for screening thermodynamically 
optimised scFv will make available a new generation of intrabodies. The 
emergence of this new wave of antibodies, that are naturally “rationally 
designed” by the immune system to bind antigens with high specificity and 
affinity, is an exciting and promising new. There is no doubt that intrabodies 
will be used in the future as intracellular drugs with exquisite specificity and 
the remarkable capacity of a fine tuning of the targeted molecules, once gene 
delivery technologies will have come to an age of maturity. 
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Over the last 15 years, we have produced monoclonal antibodies directed 
specifically against tumor cells, especially carcinoma cells. 150.000 
supernatants of growing hybridoma cells coming from 150 different somatic 
fusions of spleen cells from mice immunized with different immunogens and 
protocols, were screened for specific reactivity on tumor cells. Only 45 
monoclonal antibodies were selected for basic researches and clinical 
applications. 




Figure 10. 1. Immunoreactivity of a pool of MAbs on breast tumor cells from pleuric effusion. 

The majority of the immunizations were performed using tumor extracts 
or tumor cells derived from carcinoma surgical specimens. Screening of 
antibodies was performed by immunofluorescence, immunohistochemical or 



Antibodies , Volume 2: Novel Technologies and Therapeutic Use 

Edited by G. Subramanian, Kluwer Academic/Plenum Publishers, New York 2004 



183 




184 



Sylvie Menard et al 



binding tests. The first category of monoclonal antibodies was selected for 
diagnosis and prognosis. They mainly include reagents directed against 
epithelial cells, that when used as a pool, are able to recognize 100% of 
breast carcinomas and to discriminate e.g. the breast histotype from the 
ovary carcinomas (Menard et al., 1994; Tagliabue et al., 1986) (Figure 10.1). 
The second category includes antibodies recognizing adhesion molecules 
receptors, proteolytic enzymes or growth factors receptors which are often 
overexpressed in tumor cells (Figure 10.2) and therefore were found to 
discriminate tumor from the normal counterpart and to investigate the 
interactions between tumor and microenviroment. Most of these MAbs have 
been proved useful for cancer diagnosis and prognosis. Our pool of mono- 
specific reagents directed against anti-epithelial tumor-associated molecules 
has been used for the detection of micro metastasis in lymph-nodes and bone 
marrow, as well as for detection of cancer cells in effusion (Menard et al., 
1994). Some of the antibodies endowed of tissue-specific reactivity can be 
used for the identification of the source of metastatic lesions. Monoclonal 
antibodies recognizing molecules with altered expression in tumors can be 
extremely helpful to draw a biomolecular profile of tumor for either 
prognostic purposes or for prediction of response to therapy (Menard et al., 
1999). 




Figure 10.2. Immunoreactivity with an anti-HER2 MAb on breast carcinoma surgical 
specimens overexpressing the oncoprotein 

However, the most important application for monoclonal antibodies is 
their potential use for anti-tumor therapy. To this aim, the monoclonal 
antibodies directed against EGF receptor (Baselga et al., 2000; Herbst et al., 
2002) or HER2 (Slamon et al., 2001; Vogel et al., 2002) or the folate- 
receptor (Canevari et al., 1995; van Zanten-Przybysz et al., 2001) have been 
proved appropriate. An important parameter to select monospecific agents 
for therapy is the recognized antigenic epitopes, since some antibodies have 
been found to inhibit or even to stimulate the receptor function according to 
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the determinant recognized. Also the affinity and the avidity of the 
antibodies condition their therapeutic activity. 

All MAbs selected so far display the same range of affinity (K^ 1 0‘ 7 - 1 O' 
8 ). Various hypotheses may explain the homogeneity of such parameter as 
the homology of the recognized target antigen with endogenous protein 
which in turn restraints the possibility of immune recognition because of 
elimination of clones with high affinity. Alternatively, the methodology of 
screening might be particularly adequate for selection of MAbs with this 
range of affinity. 



A 




B 




Figure 10.3 . A) Inhibition of EGF binding to its receptor by anti-EGFR MAb in its 
monovalent (empty bar) or bivalent (solid bar) form; B) in vitro growth inhibition of EGF 
receptor overexpressing carcinoma cell line by anti-EGFR antibody according to its valency. 
(•) bivalent antibody, (□) monovalent antibody. 

Also valency of the MAb plays a relevant role in the therapeutic activity 
of the reagent. Even if the binding of anti-EGFr MAb on tumor cells is 
prevalently monovalent, only the bivalent Mab is internalized and inhibits in 
vitro proliferation (Nishikawa et al., 1992). 

According to in vitro data, also in vivo in developed preclinical models, 
indicate that only the bivalent antibody display a therapeutic activity 
(Morelli et al., 1994) (Figure 10.3). 

In addition, also antibodies directed against drugs, such as doxorubicin, 
were found useful to modulate drug toxicity. For example, our MAbs 
directed against doxorubicin were found to inhibit drug-induced alopecia and 
mucositis (Balsari et al., 1994) (Figure 10.4). 
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Figure 10.4. A) Head and proximal neck severe alopecia in rats treated with DXR only (left); 
negative and mild alopecia in rats treated with DXR + anti-DXR MAb (right); B)Parasagittal 
section of murine tongue illustrating protection from DXR induced apoptosis by anti-DXR 
MAb. la - tongue of untreated animal, lb - tongue of DXR treated animal. 2a - tongue of 
DXR treated animal orally treated with unrelated antibody, 2b - tongue of DXR treated 
animal orally treated with anti-DXR antibody. 

The experience of the National Cancer Institute of Milan (Italy) in the 
treatment of tumor bearing patients based on the use of monoclonal 
antibodies concerns a MAb directed against the folate receptor which is 
overexpressed in the majority of ovarian carcinomas. This reagent has been 
delivered as a hybrid antibody for the retargeting of activated patient's 
lymphocytes and it has been shown to significantly increase disease-free 
survival (Canevari et al., 1995). Even antibodies to growth factor receptors 
(anti-EGFr and HER2) resulted to mediate anti-proliferative properties in 
vitro. 

Steering a monoclonal antibody from the laboratory to the 
clinic/marketplace is a long way. Indeed, good ideas and good antibodies 
need certain infrastructure and intradisciplinary expertise to turn a positive 
lab bench result into a successful clinical drug and a viable commercial 
product. 

In conclusions, MAbs are potential therapeutic tools for cancer therapy. 
Efforts to determine how they work in vivo might allow improving their 
selection, manipulation and the clinic treatment schedule. 
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1. INTRODUCTION 

Macrophage efficiently kill and phagocyte tumour cells in vitro. To 
harness the potential therapeutic value of these cells, we have developed a 
single use Cell Processor able to generate large number of clinical grade 
Monocyte-derived Activated Killer cells (MAK®). These macrophages were 
armed with a bispecific antibody (MDX-H210, Medarex Inc., Keler, 1997), 
recognizing CD64/FcyRl (on the MAK cell) and the oncoprotein HER-2/neu 
on tumour cell and present several anti-tumoural effector functions. 

MAK have been injected intravenously, intraperitoneally, intravesically 
in phase II clinical trials to assess the anti-tumour activity. 

More than 1000 injections of these cell drugs have been performed and 
no serious adverse events were reported. 

The present study documents the ex vivo functionality of armed 
MAK/cells (tumour binding, tumour lysis, phagocytosis) and the results of a 
pilot clinical trial in ovarian cancer patients. 
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2 . GENERATION OF CLINICAL GRADE MAK® 

Mononuclear cells are collected by apheresis, seeded in defined culture 
medium in non adherent hydrophobic bags. After 6 days of incubation in 
presence of GM-CSF in a closed system (MAK® Cell Processor), 
differentiated macrophages are activated with y-IFN and then purified by 
elutriation. This process allows the production of approximately lxlO 9 MAK 
per apheresis (Boyer et al , 1999). The cells are then incubated with purified 
bispecific antibodies (MDX-H210) before intraperitoneal injection to 
ovarian cancer patients. The resulting product, the combination of MAK 
linked to MDX-H210 bispecific antibody, is referred to as OSIDEM®(Fig. 
11 . 1 ). 




Apheresis 

10 w Pfll4C 

EVA hjgs, 2 \ autologous serum 



Figure II. I. OSIDEM® cell drug production scheme for Ovarian Cancer Patient: dO : day 0 = 
corresponds to the seeding of mononuclear cells in culture medium containing GM-CSF and 
autologous serum: d6 : day 6 = corresponds to addition of IFNy for macrophage activation. 
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3. EX- VIVO ANTI-TUMOUR FUNCTIONALITY 

OF MAK IN THE PRESENCE OR ABSENCE OF 
BISPECIFIC ANTIBODY MDX-H210. 



3.1 Conjugate formation with HER-2/neu positive 
tumour cells 

To assess the targeting of tumour cells by MAK armed with MDX-H210 
we have developed an assay that allows detection of conjugates formation 
between MAK and tumour cells. The target cells used in this assay were SK- 
OV-3 cell line (HTB 77) derived from human ovarian cancer and over- 
expressing HER-2/neu tumour antigen. SK-OV-3 cells were stained with 
PKH-26 membrane dye prior to the assay. MAK armed or not with MDX- 
H210 were incubated with SK-OV-3 from one to twenty hours at an effector 
to target ratio of 2:1. Then cells were stained with a CD1 lc antibody and 
colocalized events (CD1 lc positive PKH-26 positive events) were measured 
by two color flow cytometry (Ely, 1996). 

In the presence of antibodies, MAK present significantly increased 
tumour targeting within one hour, resulting in the formation of MAK-tumour 
cells conjugates. Moreover, after prolonged incubation (20 hours), clearance 
of target cells was observed and augmented in the presence of MDX-H2 1 0. 
This activity could be attributed to phagocytosis and/or lysis of SK-OV-3 by 
MAK, following conjugate formation (Fig. 1 1.2). 




IB 20H 1 H 
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Figure 11.2. OSIDEM™ / SK-OV-3 conjugate-formation assay. Co-incubation of MAK 
armed with MDX-H210 with SK-OV-3 cells lead to increased clearance of tumour cells, 
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compared to MAK used without MDX-H210. Top panel: Colocalisation results staining with 
fluorescent dyes. Bottom panel : % of conjugated cells with or without MDX-H210 

3.2 Antibody dependent cell cytotoxicity 

Antibody-dependent cell cytotoxicity (ADCC) was measured in a classical 
51 -chromium release assay using target cells expressing different levels of 
HER-2/neu (Munn et al, 1995, Keller et al 2000). The cells of the M44 cell 
line (INSERM U195) derived from a melanoma tumour express low levels 
of HER-2/neu on their surface whereas SK-OV-3 (ATCC, HTB 77) and SK- 
BR-3 (ATCC, HTB 30) (derived from human breast cancer) overexpress 
HER-2/neu antigen. Using this assay we have established that OSIDEM 
(MAK cells linked with MDX-H210 bispecific antibody) was able to lyse 
target cells overexpressing the HER2/neu antigen (SK-OV-3 and SK-BR-3) 
and that lysis was proportional to the expression of HER2/neu. (Fig. 1 1 .3) 
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Figure 11.3. In vitro functionality of OSIDEM™ cell drug. ADCC is dependent on HER2/neu 
expression on tumour cell lines. Tumour expressing HER2/neu are lysed by MAK linked with 
MDX-H210 in the presence of anti-HER2/neu ; the lysis is proportional to HER2/neu 
expression level on tumours. Top panel: % of tumour cells lysed by MAK Bottom panel: 
intensity^ of HER2/neu expression by 3 cell lines 



3.3 Phagocytosis 

To visualize events occurring during the co-incubation of OSIDEM + 
SK-OV-3 cells, confocal microscopy was performed (Wallace et al, 2001). 
OSIDEM was co-incubated during 4 hours with PKH-26-labeled SK-OV-3. 
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The incubation was performed either at 4°C or at 37°C, then cells were 
stained with CD 14 specific antibody to distinguish MAK. 

At 4°C MAK/SK-OV-3 conjugates could be observed. After incubation 
at 37°C, most of the MAK present in their cytoplasm some red staining 
corresponding to SK-OV-3 debris (Fig. 1 1 .4). These results demonstrate that 
contact between macrophages and tumour cells detected by colocalisation in 
the presence of anti-tumour antibodies, is followed by phagocytosis of the 
tumour cells after a 4 hour incubation. 
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Figure 11.4. MAK armed with MDX-H210 target and phagocyte SK-OV-3 cells. Confocal 
microscopy of contact between tumour cells and MAK at 4°C and phagocytosis at 37°C. 



3.4 Functionality of thawed MAK is preserved 

Drug stability is of major importance in product development. While 
initial clinical trials aimed at establishing the proof of concept were mainly 
performed with fresh cells, we decided to explore whether MAK cell could 
be cryopreserved. Such cryopreservation would considerably improve the 
feasibility and simplify the logistics of MAK-based therapies. To allow 
preservation of MAK and the injection of multiple doses from a unique cell 
preparation, we have determined the freezing condition for MAK. MAK 
were frozen in cryocytes (bags resistant to the freezing process) in 4% 
Human Serum Albumin, 10 % DMSO at high cell concentration and stored 
in liquid nitrogen vapor. These conditions allow good cell recovery and 
viability after thawing. 
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Thawed MAK were washed and incubated with MDX-H210 antibody 
and used in functional assays. The functionality of thawed MAK + MDX- 
H210 was measured by colocalisation assay and ADCC ; both activities were 
preserved after thawing of ciyopreserved MAK (fig. 1 1.5A and 1 1.5B). The 
stability of the cell drugs allows freezing of autologous patient-dedicated lots 
of MAK to be re-injected sequentially for therapy. 



Freezing condition : 4 % human serum albumin + 10 % DMSO 

in cryocyte™ (Baxter), storage in liquid nitrogen vapor 



A- Colocalization assay 



B- ADCC 



MAK _. B| -MDX MAK thawed MAK 

Thawed MAK 
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Targets: SK-OV-3 Targets: SK-BR-3 

Incubation : lh Incubation : 16h 



Figure 11.5. Thawed MAK Functionality Left panel: conjugate formation (A) Right panel: 
ADCC (B) 



4. EFFICACY OF MAK®/MDX-H2 10 IN CLINICAL 

STUDY 

A Phase I/II clinical trial using OSIDEM™ cell drug (MAK + MDX- 
H210) was conducted in epithelial ovarian cancer patients, with 6 weekly 
intra-peritoneal injections of OSIDEM (corresponding to 10 9 MAK cells + 
MDX-H210). Safety and feasibility of the treatment, as well as signs of 
clinical activity were demonstrated (de Gramont, 2002). 
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14 stage III ovarian cancer patients with microscopic or macroscopic (< 
1 cm) residual disease after surgery and chemotherapies were included. 
Patients were treated with one cycle of 6 weekly intra-peritoneal 
administration of OSIDEM cell drug following 6 apheresis and MAK 
preparations according to 2-1. (10 9 MAK + 1.5 mg of MDX-H210) : 

In total, 100 MAK cell preparation were administrated during the 
study 

Only minor adverse events (grade I or II) were observed in a limited 
number of patients and no serious adverse events related to the 
product were reported. 



Results 

3 months evaluation: 

In the subgroup who had microscopic lesions before cell therapy, 5 patients 
had a pathological complete response based on multiple negative biopsies (4 
of these patient are alive more than 4 years after treatment). 1 patient showed 
no change and disease progressed in 2 patients at the time of the third look. 

In the patients with macroscopic lesions before treatment, 1 patient had a 
complete clinical remission, 2 patients showed no change and 3 had 
developed progressive disease. Interestingly, a significant CA 125 decrease 
was observed in 2 of these patients. 

With a minimum follow-up of 33 months, the one year survival rate was 
71 % and 2 year survival was 64 %. 

In addition, the safety of intravenous administration of OSIDEM cell 
drug (MAK + MDX-H210) was assessed in patients with metastatic cancer. 
The safety and feasibility of 6 weeks IV injections was documented in 10 
patients with only minor grade I and II adverse events. 

Based on these results and on the good safety profile of OSIDEM, an 
international multicentre phase III (in Europe, Australia, Canada) trial has 
been initiated in ovarian carcinoma patients in the consolidation of the 
clinical response after a second line of chemotherapy. 



5. CONCLUSION 

Macrophages are found in the periphery or within tumour tissues. In 
many instances growing tumours have diverted to their profit the innate 
immune responses, and these macrophages are rendered tolerogenic or even 
support angiogenesis allowing tumour spreading. The macrophages that we 
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derive from blood monocytes have not been exposed to the negative tumour 
signals and have been activated ex vivo with gamma interferon to gain 
specific natural anti-tumoral properties (MAK cells). Among different 
receptors induced by this activation is the CD64 high affinity type I receptor 
for IgG. MAK are therefore particularly adequate to fix a bi-specific 
antibody such as MDX-H210 that binds to FcyRI outside its ligand binding 
site. 

We have shown in ex vivo experiments that MAK armed with a 
bispecific antibody (MDX-H210) recognising HER2/neu on tumour cells 
and CD64 present a markedly increased anti-tumoural activity as shown by 
increased phagocytosis as well as lysis of tumours expressing HER2/neu by 
antibody-dependant cell cytotoxicity. Furthermore, we have shown by co- 
localisation experiments that the specific targeting of the tumour is enhanced 
in the presence of the antibodies. 

Therefore, MAK have been developed as effector cells which combined 
with antibodies at very low dose (1.5 mg/10 9 MAK instead of the 100 mg 
used for direct in vivo antibody therapy) constitute cell drugs prepared 
according to the principles of good manufacturing practice. These cell drugs 
can be frozen, kept for several months until thawing before direct re- 
injection to the patient without losing their effector activity. 

Autologous MAK have been prepared in single-use closed systems (cell 
processors); more than 1000 reproducible and standardized MAK 
preparations have been manufactured and re-infused to cancer patients. The 
injections were performed when possible in periphery of the tumour; intra- 
peritoneally for ovary cancer. The remarkable tolerance of this adoptive anti- 
tumoural cell immunotherapy should be stressed. No toxicity higher than 
grade 2 linked to the treatment was reported. This absence of severe adverse 
events allowed complete preservation of patients quality of life, in contrast 
to conventional chemotherapy or radiotherapy. The clinical benefits were 
observed in phase I and II clinical trials in bladder cancer (not presented 
here) and ovary cancer. 

The mechanism of anti-tumoural efficacy of MAK armed with antibodies 
in cancer patients remains to be clearly demonstrated: there is a direct 
cytotoxic effect resulting in peripheral tumour necrosis, but delayed actions 
with anti-tumour effects appearing and lasting for several months or even 
years are reported. This could suggest the induction of an immune response 
against tumours which has been documented for dendritic cells but can not 
be excluded for macrophages. 

The very stimulating results achieved in several cancer indications with 
preservation of quality of life have incited IDM to initiate international 
multicentre phase III clinical trial with MAK. The clinical results obtained in 
terms of relapse-free survival and overall survival hopefully will validate 
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this immunotherapy as an alternative anticancer treatment available for a 
large number of cancer patients in desperate need since not responding to 
present treatments. 
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Sophie Siberil* + , and Jean-Luc Teillaud* 

Unite INSERM 255, Centre de Recherches Biomedicales des Cordeliers, 15 rue del Ecole de 
Medecine, 75270 Paris cedex 06, France; + Laboratoire Franqais du Fractionnement et des 
Biotechnologies, Les Ulis, France 



1. INTRODUCTION: CURRENT STATUS OF 

THERAPEUTIC MONOCLONAL ANTIBODIES 

Since their discovery by KQhler and Milstein (1975), monoclonal 
antibodies (mAbs) have been intensively engineered to optimise their 
therapeutic properties. Although the first mAb to be approved for a clinical 
use was a murine antibody (OKT3, or Muromomab) (Table 12.1), it became 
increasingly obvious that only mAbs with a decreased immunogenicity could 
be used for repeated injections in Humans. The generation of a Human Anti- 
Mouse Antibody (HAMA) response when murine mAbs are infused to 
patients hampers their therapeutic efficacy and provokes side-effects related 
to the formation of immune-complexes. Moreover, studies developed in the 
80’s indicated that the Fey regions of mouse IgG - the most frequent 
immunoglobulin isotype of mAbs - trigger effector functions in Humans 
with a lower efficacy than their human Fey counterparts. Notably, the level 
of Complement-Dependent Cytotoxicity (CDC) and of Antibody-Dependent 
Cell Cytotoxicity (ADCC) that can be achieved is lower when mouse 
antibodies are used in vitro with human serum or cells from human origin, 
respectively. 

Thus, many technical efforts were made to generate a “second 
generation” of monoclonal antibodies with decreased immunogenicity and 
optimised effector functions. The development of molecular engineering 
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techniques and a better knowledge of immunoglobulin gene organisation and 
rearrangements and of immunoglobulin 3-D structure, allowed the 
engineering of chimeric antibodies (Morrison et al ., 1984; Takeda et al ., 
1985) and of humanized antibodies (Queen et al ., 1989; Co and Queen, 
1991). A number of these antibodies are now approved and marketed (Table 
12.1). However, although these approaches allow the reduction of the 
immunogenicity of the recombinant molecules, an immune response can be 
still observed in some patients. The generation of fully human monoclonal 
antibodies has been therefore a major goal of laboratories involved in mAbs 
generation since the late 80’s and early 90’s, even though it is still not clear 
that such antibodies will have a definitive advantage over these “second 
generation” chimeric or humanised antibodies. Anti-idiotypic responses 
could be a problem when using repeatedly fully human monoclonal 
antibodies at high doses, while the use of chimeric antibodies might divert 
the human antibody responses against non-critical epitopes, thus preventing 
neutralisation of the antibody activity. 

It has been known for more than two decades that human B lymphocytes 
can be immortalised following infection with the Epstein-Barr Virus to 
produce mAbs (Steinitz et al., 1977). However, this technique is limited by 
serious problems that include selection of antibodies with the desired antigen 
specificity, cell line stability and yield of antibodies produced for a 
therapeutic use. Other approaches based on cellular engineering such as the 
use of molecules inducing a long-term growth of human B lymphocytes or 
transforming molecules did not proved to be efficient enough or 
convincingly reproducible to represent a true alternative (Olsson and Kaplan, 
1980; Borrebaeck, 1989; Banchereau et al., 1989). 

Techniques allowing gene inactivation and insertion of large human 
DNA fragments from Yeast Artificial Chromosome (YAC) or human 
chromosome fragments in mouse germline made it possible to generate 
transgenic mice capable of producing fully human antibodies following 
immunisation (Lonberg et al ., 1994; Green et al. , 1994; Tomizuka et al., 
2000). Several of these antibodies have been recently used in human clinical 
trials. Alternatively, the adaptation of the phage display technique (Smith, 
1985) to the expression of antibody fragments allowed to build large 
combinatorial libraries of VH and VL and made it possible to select for 
specific Fab’ or single chain Fv (scFv) fragments (Huse et al., 1989; 
McCafferty et al., 1990). In addition, phage display is used to generate high- 
affinity antibody fragments mutated by random or site-directed mutagenesis, 
thus mimicking the hypermutation process occuring in vivo during antibody 
responses (Hawkins et al., 1992). Although only two of the fourteen mAbs 
currently approved and marketed (Table 12.1) are fully human antibodies, 
about 15% of the 140 mAbs currently in clinical development are human 
antibodies derived either from phage display libraries or from transgenic 
mice. 
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Thus, if one compares the current clinical use and forecast of therapeutic 
antibodies with the situation prevailing less than ten year ago, it is clear that 
monoclonal antibodies have now come of age as therapeutics. 



Table 12.1. Summary of Currently Approved and Marketed Therapeutic mAbs 



Antibody 


Name 


Origin 


Molecular 

target 


Indication 


Company § 


OKT3 


Orthoclone 

Muromomab 


Mouse 


CD3 


Transplantation 


J&J 


Panorex + 


Edrecolomab 


Mouse 


EpCAM 


Oncology 


Centocor, GSK 


Reopro 


Abciximab 


Chimeric 


gpIIb/IIIa 


CVD* 


Lilly 


Rituxan 


Rituximab 


Chimeric 


CD20 


Oncology 


Genentech, Roche 


Simulect 


Basiliximab 


Chimeric 


CD25 


Transplantation 


Novartis 


Remicade 


Infliximab 


Chimeric 


TNFa 


Inflammation 


J&J 


Zenapax 


Daclizumab 


Humanised 


CD25 


Transplantation 


Roche 


Synagis 


Palivizumab 


Humanised 


RSV* 


Infectious 

Disease 


Medimmune 


Herceptin 


Trastuzumab 


Humanised 


HER2/Neu 


Oncology 


Genentech, Roche 


Mylotarg 


Gemtuzumab 

(Ozogamicin) 


Humanised 


CD33 


Oncology 


AHP, Wyeth Lab., 
Celltech 


Campath 


Alemtuzumab 


Humanised 


CD52 


Oncology 


Millennium 


Zevalin 


Ibritumomab 


^YMouse 


CD20 


Oncology 


IDEC Pharm., 
Schering AG 


Humira 


Adalimumab 


Human 


TNFa 


RA* 


CAT, BASF, 
Abbott Labs 


Enbrel 


Etanercept 


Human 


TNFa 


RA*, PA* 


Amgen, Immunex 



*RSV: Respiratory Syncytial Vims; CVD: Cardiovascular Diseases/Restenosis; RA: 



Rheumatoid Arthritis; PA: Psoriatic Arthritis 
+ Approved in Germany not in USA 
§ Marketers/Corporate sponsors 
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Table 12.2. Summary of mAbs in Phase III Clinical Trials (Oncology) 



Antibody 


Name 


Origin 


Molecular target 


Indication 


Company* 


Bexxar + , 

radiolabeled 

131 Iodine 


Tositumomab 


Mouse 


CD20 


NHL* 


Corixa, Coulter 

Pharmaceuticals, 

GSK 


Erbitux, 

IMC-C225 


Centuximab 


Chimeric 


EGF-R 


CRC*, head 
and neck 
carcinoma 


ImClone 
Systems, BMS 


CeaVac 




Mouse 


Anti-idiotypic, 
CEA mimic 


CRC*, 

NSCLC* 


Titan 

Pharmaceuticals 


Avastin 


Bevacizumab 


Humanised 


VEGF 


CRC*, 

NSCLC*, 

RCC* 


Genentech 


BEC2 


Mitumomab 


Mouse 


Anti-idiotypic, 
ganglioside GD3 
mimic 


Small cell 
lung 

carcinoma 


ImClone 
Systems, 
Merck KG 


Zamyl 


HuM195 


Humanised 


CD33 


AML* 


Protein Design 
Labs 


Lympho CIDE 


Epratuzumab 


Humanised 


CD22 


NHL* 


ImmunoMedics, 

Amgen 


Oncolym 


l31 I-LymI 


Mouse 


HLA-DR 10 


NHL* 


Peregrine 


OvaRex 


Oregovamab 


Mouse 


Tumor Ag CA125 


Ovarian 

cancers 


AltaRex 


Theragyn, 

HMFG1 


Pemtumomab 


Mouse 


MUC-1 


Ovarian 

cancers 


Antisoma 


Cotara 


13, I-chTNT- 

1/B 


Chimeric 


DNA-associated 

antigens 


Glioma 


Peregrine 


MDX-210 




Partially 

humanised 


bispecific 
HER2Neu/ CD64 


Breast, 

ovarian,prosta 
te cancers, 
RCC* 


Medarex, IDM 



NHL: non-Hodgkin’s lymphoma; CRC : colorectal cancer; NSCLC: non-small-cell lung 



cancer ; RCC: renal cell carcinoma; AML: acute myelogenous leukaemia 
+ Bexxar is under advanced FDA acceptation procedure (due July 2003) 

§ Marketers/Corporate sponsors 

Antibodies have been approved to treat cancer diseases (six mAbs), 
inflammatory diseases (three mAbs), one infectious disease (one mAb), one 
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cardio-vascular disease (one mAb), and to prevent graft rejection (three 
mAbs). The next coming years will see a broader use of mAbs in various 
pathologies where efficient drugs are not available. Table 12.2 summarises 
the monoclonal antibodies that are currently tested in Phase III clinical trials 
for cancer treatment. 

The exciting power of mAbs to fight complex diseases is already 
highlighted by monoclonal antibodies such as anti-Tumor Necrosis Factor a 
(TNFa) which exhibit a remarkable efficacy in rheumatoid arthritis and 
Crohn’s disease. Such antibodies demonstrate that it is possible to identify 
molecules playing a major role in multifactorial diseases whose 
physiopathology is still a matter of controversy. 

However, it should be pointed out that the targeting of cytokines with 
pleiotropic effects such as TNFa may also lead to the appearance of 
unexpected severe side effects. The treatment of patients with anti-TNFa 
antibodies has led to the emergence of tuberculosis cases. More recently, it 
has been suggested that all three anti-TNFa antibodies on the market may be 
also associated with a higher incidence of non-Hodgkin’s lymphoma among 
patients treated for Crohn’s disease and rheumatoid arthritis. Thus, the side 
effects of therapeutic monoclonal antibodies infused to large groups of 
patients once these mAbs have received marketing approval should be 
carefully monitored, particularly when it is known that the targeted 
molecules exhibit opposite biological activities such as pro-inflammatory 
and anti-infectious or anti-tumour activities. 

The oncology field is likely to be a field which will largely benefit from 
the use of therapeutic mAbs, either as adjuvants or as a first line therapy in 
early stages of tumour progression. However, other disorders where few 
drugs with a long-term efficacy are available so far, if any, should also 
benefit from the development of new monoclonal antibodies or from new 
indications of currently marketed antibodies. Therapeutic monoclonal 
antibodies directed against B cells illustrate this latter trend. The efficacy of 
anti-CD20 antibodies, which received approval for Non-Hodgkin’s 
lymphoma, is currently explored in other B cell related disorders, both in 
oncology and in auto-immune diseases where unwanted pathological auto- 
antibodies are produced. As already pointed out for anti-TNFa antibodies, 
the clinical use of antibodies in inflammatory-related disorders, although 
promising as few therapies with a long-term efficacy are available, should be 
explored with care. The pleiotropic activities of cytokines and chemokines 
make the use of such antibodies a difficult task if one wants to avoid severe 
side-effects. If the mechanisms of these side effects are elucidated, it may be 
possible to engineer these properties out and generate more specific reagents. 
New strategies for in vivo delivery (route, doses, schedule...) may also help 
to control side effects. However, a case-by-case approach could be 
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necessary, which may render difficult the use of such monoclonal antibodies 
at a large scale with an acceptable cost for health care systems. 

Different monoclonal antibodies are currently being tested in Phase III 
trials, in inflammatory, auto-immune and immune-related neuro- 
degenerative diseases (Table 12.3). 



Table 12.3. Summary of mAbs in Phase III clinical trials (inflammatory, allergic, auto- 
immune related diseases) 



Antibody 


Name Origin Molecular 

& target 


Indication 


Company 8 


Xolair 


Omalizumab Humanised IgE 


Allergic asthma 


Genentech 






Crohn’s disease. 




Antegren 


Natalizumab Humanised Integrina4 


multiple sclerosis, 


Elan-Biogen 






inflammatory diseases 


Genentech, 


Raptiva + 


Efalizumab Humanised CD 11a 


Psoriasis, RA* 


XOMA, 

Serono 


Humicade 


CDP571 Humanised TNFa 


RA*, Crohn's disease 


Celltech, 

Pharmacia 


HuMax-CD4 


Human CD4 


RA* 


GenMab 


Segard 


Afelimomab Mouse TNFa 


Sepsis 


Abbott 

Laboratories 



*RA : Rheumatoid Arthritis 
§ Marketers/Corporate sponsors 

+ FDA Biological Licence Application accepted on March 2003 



Similarly, although only one anti-infectious antibody is currently 
marketed (Table 12.1), one can expect that a growing number of monoclonal 
antibodies directed against infectious agents or pathogen-derived toxins will 
be tested in Phase II and Phase III trials in the next coming years. It is likely 
that the use of antibodies in infectious diseases will contribute to the 
development of new regulatory approaches for antibody approval as 
discussed below in the Conclusions section. 

Monoclonal antibodies directed against new targets are currently raised at 
a high rate with the help of proteomics and genomics approaches. As more 
and more antibodies enter the product pipelines, biotech companies as well 
as big pharmaceutical companies will face the difficult question of 
production in terms of both scale and cost. On the one hand, a better affinity 
of the antibodies infused to patients could help reducing the amount of 
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antibodies necessary to achieve a similar or a better clinical result. In 
addition, the optimisation of the antibody effector functions is currently 
explored by a number of companies and academic groups. However, it is 
still unclear whether a gain in affinity - a technical field that has reached full 
maturity- and/or in the efficacy of effector functions will translate into a 
much lower amount of the antibody injected and/or a better efficacy. On the 
other hand, companies are looking into alternative techniques of antibody 
production, ranging from the use of new organisms for in vitro production to 
the production of human antibodies into transgenic animals or plants. 



2. OPTIMISATION OF FCy FUNCTIONS OF 
THERAPEUTIC ANTIBODIES 

One exciting approach to optimise antibody functions and, hence, to 
possibly reduce the amount of antibody needed for injection, is to engineer 
their affinity. Many methods have been described that make it possible to 
obtain antibodies with sub-nanomolar affinities (Hawkins et al., 1992; 
Vaughan et al., 1996; Hoogenboom, 1997). It has been largely documented 
and will not be discussed in the present chapter. Monoclonal antibodies may 
act directly on their cellular targets by inducing neutralisation of biological 
functions of the targeted molecules, by inhibiting cell proliferation or by 
inducing programmed cell death. Thus, one can expect that a better affinity 
of antibodies will lead to a better capacity to exert these biological effects, 
although it has not been yet definitely proved in vivo. 

Moreover, antibodies elicit effector functions following interactions 
between their Fc region and different types of receptors (FcR), as well as 
with Clq, the first molecule to be recruited during the activation of the 
classical complement pathway. The majority of therapeutic monoclonal 
antibodies are IgG antibodies (mostly IgGl, and in some cases, IgG4). Thus, 
they can interact with FcyR both in vitro and in vivo. Among FcyR, the 
activating FcyRs induce antibody-dependent cell cytotoxicity (ADCC), 
endocytosis of immune complexes followed by antigen presentation, 
phagocytosis, and/or release of cytokines, chemokines and pro-inflammatory 
mediators. The inhibitory FcyR regulates immune responses by inhibiting the 
activation of B lymphocytes, monocytes, mast cells and basophils, induced 
through activating receptors. Studies with K.O. mice support the critical role 
of the different types of FcyR in the functional effects of monoclonal 
antibodies. 

Human FcyR are divided into three classes: FcyRI (CD64), FcyRII 
(CD32) and FcyRIII (CD16). FcyRI is a high affinity receptor and binds both 
monomeric IgG and immune complexes, whereas FcyRII and FcyRIII exhibit 
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a lower affinity and bind immune complexes (Hulett and Hogarth, 1994). 
However, FcyRIII exhibit an intermediate affinity (Maenaka et al., 2001) 
and is likely to bind at least some monomeric glycoforms of human IgGl. 

The FcyRIII family includes two members: FcyRIIIA, which is a 
transmembrane isoform weakly expressed on macrophages, a subpopulation 
of monocytes, some y5 T cells but strongly expressed on NK cells. FcyRIIIB 
has a GPI (glycosyl-phosphatidyl-inositol) anchor and is expressed on 
neutrophils. Induction of effector functions through FcyRI and FcyRIIIA 
requires the presence of an additional subunit, the y-chain, responsible for 
signal transduction through ITAM (Immunoreceptor Tyrosine-based 
Activation Motif) motifs (Amigorena et al., 1992; Daeron et al., 1995). 
Gamma-chain K.O. mice show a lack of expression of FcyRI and FcyRIII, 
exhibit impaired ADCC, including a loss of NK cell-mediated ADCC, as 
well as an impaired phagocytosis of IgGl -opsonized particles. Furthermore, 
these mice fail to demonstrate protective tumour immunity in models of 
passive and active immunisation against a relevant tumour differentiation 
antigen, gp75, expressed on melanoma (Clynes et al., 1998). In wild-type 
mice, passive immunisation with a monoclonal antibody against gp75 
prevents the development of lung metastases, whereas this protective 
response is completely abolished in these FcRy-deficient mice. 

The FcyRII family includes five types of receptors (FcyRIIAl, A2, Bl, 
B2, B3, and C). Among these receptors, FcyRIIAl, an activating receptor 
expressed on monocytes, macrophages, neutrophils and platelets, is 
characterised by the presence of an ITAM motif in the intracytoplasmic 
domain. The inhibitory receptors FcyRIIBl and FcyRIIB2, expressed on B 
cells, basophils, mast cells, monocytes, macrophages and dendritic cells, 
have an intracytoplasmic ITIM (Immunoreceptor Tyrosine-based Inhibition 
Motif) motif (Amigorena et al., 1992; Daeron et al, 1995). FcyRIIB-deficient 
mice show a functional defect in the expression of FcyRIIBl on B cells and 
FcyRIIB2 on macrophages and mast cells. These mice display elevated 
immunoglobulin levels to immunisation with thymus-dependent or thymus- 
independent antigens, and show an important cutaneous anaphylaxis (TakaT 
et al., 1996). Studies with FcyR"" mice have revealed some mechanisms of 
action in vivo of two widely used therapeutic monoclonal antibodies: 
Herceptin and Rituxan are two cytotoxic monoclonal antibodies against 
tumours (Table 12.1), and engage both activating (FcyRIII) and inhibitory 
(FcyRIIB) receptors on myeloid cells. In these studies, FcyRIIB-deficient 
mice showed more ADCC than wild-type mice, whereas mice deficient in 
FcyRIII were unable to stop the tumour growth even in presence of 
therapeutic monoclonal antibodies (Clynes et al., 2000). Other studies about 
the role of FcyR on dendritic cells (DCs) indicated that FcyRIIB" 7 ' DCs have 
an enhanced ability to prime antigen-specific CD8 + T lymphocytes in vivo. 
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inducing an effective antigen-specific anti-tumour immune response 
(Kalergis and Ravetch, 2002). These studies show the potent role of FcyRIIB 
in the negative regulation of monoclonal antibodies effector functions. Thus, 
the therapeutic efficacy of monoclonal antibodies may depend on the 
activation or on the negative regulation of immune effector functions rather 
than on intrinsic events triggered by their binding to the targeted molecules. 
In such cases, it may be of particular interest to optimise the interactions 
between the Fc region and FcyR. Cytotoxic monoclonal antibodies with 
enhanced engagement of activating FcyR and reduced binding to inhibitory 
FcyR could elicit increased anti-tumour or anti-viral efficacy. Furthermore, 
monoclonal antibodies that recruit and activate preferentially inhibitory FcyR 
could be used in the treatment of autoimmune diseases. 

Engineering the Fc region of IgG monoclonal antibodies to improve 
effector functions is a major goal of numerous studies currently developed. It 
has been shown that a number of amino-acid residues present in the Fc 
region of human IgGl are critical for FcyR interaction, (Shields et al, 2001). 
A common set of IgGl residues is involved in binding to all FcyR since their 
mutation reduces binding to all FcyR. Alteration of some other residues 
improves the binding to a specific FcyR without affecting binding to the 
other receptors. Alternatively, mutations of several positions improve the 
binding to one type of FcyR and reduce the binding to another type. These 
experiments have also indicated that the variants with enhanced binding to 
FcyRIILA exhibit enhanced ADCC in vitro. 

A different approach to increase the biological activity of IgG is to 
engineer the glycosylation pattern of the Fc region. An IgG molecule 
contains, on each heavy chain, an oligosaccharide covalently attached at the 
conserved Asn297 of the CH2 domain in the Fc region. The IgG 
glycosylation is essential for effector functions (complement recruitment and 
FcyR engagement). Some studies showed that the oligosaccharide is likely to 
stabilise the conformation of Fey binding site on Fc (Radaev et al., 2001). It 
has been hypothesised that deglycosylation causes a conformational change 
in the relative orientation of the two CH2 domains and that the Fc transition 
from an open to a closed conformation could prevent FcyR binding (Radaev 
and Sun, 2001). 

The oligosaccharide found in the Fc region of serum IgGs is a 
biantennary complex [Asn 297-GlcNac-GlcNac-Mannose-(Mannose- 
GlcNac) 2 ], where GlcNac is N-acetylglucosamine. Variations of IgG 
glycosylation patterns include attachment of terminal sialic acid, a third 
GlcNAc arm (bisecting GINac), terminal galactosylation and core 
fucosylation. Oligosaccharides can contain zero (GO), one (Gl), or two (G2) 
galactose (Fig. 12.1). 
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Figure 12.1. Schematic representation of IgG glycoforms. Sugar residues of IgG carbohydrate 
include N-acetylglucosamine (GlcNac), mannose, galactose, fucose, and sialic acid (NeuAc). 
The variations in IgG glycoforms depend on the attachment of galactose, NeuAc residues and 
of bisecting GlcNac to the core GlcNac^Mar^GlcNac. Oligosaccharides may contain zero 
(GO), one (Gl) or two (G2) galactose residues. Variations in the number of the different 
carbohydrate residues have an effect on IgG effector functions. 



The pattern of glycosylation may depend on the structural properties of 
IgG subcomponents, in particular CH2 and CH3 domains (Lund et al , 
2000). However, the cell lines used to produce recombinant IgG may also 
influence the synthesis of oligosaccharide chains. The cells lines (essentially 
derived from mouse and hamster cell lines) used for recombinant 
monoclonal antibodies production normally attach oligosaccharides in a 
manner very similar to that found for serum IgGs. However, current studies 
try to engineer these cell lines to produce recombinant IgG with well-defined 
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pattern of glycosylation. Thus, Chinese hamster ovary cell lines (CHO) have 
been engineered to express high levels of human beta 1,4- 
galactosyltransferase (GT) and/or alpha 2,3-sialyltransferase (ST). The 
structure of IgG oligosaccharides produced in these cells shows a greater 
homogeneity as compared to control cell lines. Overexpression of GT 
reduces the rate of terminal GlcNAc, whereas overexpression of ST 
increases sialylation of oligosaccharides (Weikert et al., 1999). 

IgG carbohydrate influences the complement activation initiated by IgGl 
binding to Clq. First, in autoimmune diseases such as rheumatoid arthritis 
(RA) or systemic lupus erythematosus (SLE), there is a decrease in the 
content of galactose residues in oligosaccharide chains of serum IgG 
(Groenink et al., 1996; Tsuchiya et al., 1989). These degalactosylated 
isoforms could interact with mannose binding protein (MBP), a serum 
protein structurally similar to Clq. This unconventional interaction of IgG 
could contribute to the chronic inflammation associated with RA (Malhotra 
et al., 1995). However, the contribution of agalactosylated IgG to the 
phenotype of these autoimmune diseases remains a matter of controversy. 
Second, studies showed that a high mannose isoform of IgG cannot bind 
Clq, and thus activate complement. They also indicated a slightly reduced 
affinity for FcyRI (Wright and Morrison, 1 998). 

Recently, it has been shown that engineering IgG glycoforms may lead to 
an optimised FcyRIII-dependent ADCC, a mechanism highly sensitive to 
variations of the oligosaccharide structure. Whereas the terminal sialic acid 
seems to have no effect on ADCC (Boyd et al., 1995), the impact of 
galactosylation of IgG oligosaccharide on ADCC is controversial. Removal 
of the majority of the galactose residues from a humanised monoclonal 
antibody IgGl (CAMPATH-1H) reduces complement lysis activity, but has 
no effect on ADCC (Boyd et al., 1995). However, studies have shown that a 
highly galactosylated form of BRAD-3, a human anti-RhD monoclonal IgG, 
is more active in ADCC assays than the agalactosyl form (Kumpel et al., 
1994). Moreover, BRAD-5, another anti-RhD monoclonal antibody, elicites 
a reduced ADCC through FcyRIII after treatment with beta-galactosidase 
(Kumpel et al., 1995). Several studies have focused on the role of bisecting 
GlcNAc in binding to FcyRIII and ADCC. The glycosylation pattern of a 
chimeric IgGl anti-neuroblastoma antibody has been engineered in CHO 
cells transfected with beta 1,4-N-acetylglucosaminyltransferase III (GnTIII) 
(Umana et al., 1999). This enzyme catalyses the addition of bisecting 
GlcNAc residue to the N-linked oligosaccharide. IgG variants produced in 
this cell line exhibit an increased ADCC. Moreover, expression of GnTIII in 
a recombinant anti-CD20 CHO production cell line increases the rate of 
bisecting GlcNAc anti-CD20 glycoforms. These antibodies elicit an 
increased binding to FcyRIII and a greater ADCC activity (Davies et al., 
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2001). However the contribution of bisecting GlcNAc on effector functions 
is a matter of controversy. An anti-human interleukin 5 receptor (hIL-5R) 
humanised IgGl and an anti-CD20 chimeric IgGl have been produced in rat 
hybridoma YB2/0 cell lines (Shinkawa et al., 2003). YB2/0 cells express a 
lower level of alpha 1,6-fucosyltransferase, and YB2/0-produced IgGl have 
lower fucosylated oligosaccharide than CHO-produced IgGl. These studies 
have shown that non-fucosylated oligosaccharides play a more critical role 
in enhancing ADCC than bisecting GlcNAc oligosaccharides. It confirms 
previous experiments performed by Shields et al. (2002) who studied the 
effects of low-fucosylated oligosaccharides on antibody effector functions. 
In these studies, the fucose deficiency of IgGl had no effect on Clq binding 
but provoked an increased binding to human FcyRIIIA and allowed a higher 
ADCC activity. However, the combined effect of each sugar residues on 
FcyR binding and ADCC has not been yet analysed. Moreover, all these 
results do not take in account FcyR polymorphisms (Hulett and Hogarth, 
1994), which seem to be directly involved in the efficacy of therapeutic 
antibodies, as recently shown for the anti-CD20 antibody Rituximab 
(Cartron et al., 2002). 



3. CONCLUSIONS 

Up to now, fourteen monoclonal antibodies are on the market and 
generate revenues of about five billions Euros per year. Over the last decade, 
therapeutic antibodies have moved to the forefront of protein drug 
development and the coming years will see a new wave of recombinant 
antibodies in a number of indications where efficient drugs are not available. 
One can also expect that antibody-derived molecules, such as single chain 
Fv (scFv) antibody fragments, minibodies, single antibody domains, short 
protein scaffolds grafted with hypervariable regions of antibodies, will find a 
place of choice in the therapeutic arsenal. These molecules offer the 
advantage of being produced more easily in bacterial systems at lower costs, 
and do not show the practical limitations of the pharmacology of intact 
antibodies. Notably, small antibody fragments demonstrated rapid and high 
tumour uptake, whereas only limited quantities of intact antibodies are 
delivered to tumours, with a relatively poor diffusion from the vasculature 
into and through the tumour. Antibodies chemically coupled to 
radionucleides or antibiotics, or fused to toxins, cytokines, chemokines or 
growth factors are also coming of age as therapeutics. It is interesting to note 
that two out of the fourteen antibodies that received approval are chemically 
coupled molecules, either to a radionucleide f 90 Y) or to a drug (Ozogamicin) 
(Table 1). 
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However, therapeutic antibodies still face important challenges. A careful 
examination of the clinical responses obtained with many of the currently 
marketed antibodies shows that only a low percentage of patients exhibits 
long-lasting complete responses to treatments, particularly in cancer 
treatments. Furthermore, severe side effects such as the appearance of 
tuberculosis or lymphomas, the worsening of heart failure, an increased 
cardio-cytotoxicity when combined with anthracyclin-based chemotherapy, 
have been described for some marketed antibodies. Thus, there is still a need 
to enhance the efficacy of therapeutic antibodies, while lowering the side 
effects that are observed for some of them. It may be achieved by further 
molecular engineering that will improve the affinity and/or the avidity of the 
antibodies for the targeted molecule. In parallel, molecular modeling of the 
Fc region will help to recruit either the activating or the inhibitory FcyRs 
depending of the disorder being targeted. Our detailed knowledge on the 
structure and functions of antibodies as well as the formidable possibilities 
offered by current molecular and cellular engineering techniques should 
make it possible to achieve these goals in a near future. Also, parameters 
such as antibody doses, routes and schemes of infusion are likely to be 
important parameters to obtain long lasting complete responses. Efforts to 
ameliorate the pharmacokinetics and the bio-availability of the antibodies are 
also crucial. Ultimately, one can think that a better knowledge of the 
physiopathology of the disorder that is being targeted should help to design a 
la carte more efficient antibodies. 

Progress concerning all these aspects should permit to significantly 
lower the amount of antibodies required to treat patients. Better clinical 
outcomes with lower amounts of antibodies should lead to a decrease of the 
direct cost of antibody treatment as well as to important savings on the cost 
of the global health care per patient. The cost of therapeutic antibodies 
should be also decreased by the development of new production methods 
either in vitro (fungi, yeast, bacteria, insect cells) or in transgenic plants 
(com, soybean, tobacco) or animals (cows, goats, rabbits, chicken). The 
problems encountered when an optimised glycosylation is needed should be 
solved by a fine tuning of the glycosylation process, thanks to the power of 
molecular engineering adapted to the manipulation of glycosylation-related 
enzymes. 

An important and well-known problem encountered during tumour 
treatment is the loss or the down-modulation of the epitope recognised by 
the monoclonal antibody. It is also observed with various pathogens 
including viruses and parasites. This phenomenon is likely to hamper the 
clinical outcome in many cases. A strategy to overcome this problem is to 
use several monoclonal antibodies that recognise different epitopes or 
molecules on the tumour cells or on the infected cells. It has been also shown 
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that a mixture of several antibodies is more efficient than a single antibody 
to neutralise dangerous toxins that can be used as weapons of mass 
destruction. Thus, the use of a mixture of human monoclonal antibodies, 
eventually with different effector functions, could be more efficient than the 
use of a single antibody in the treatment of certain cancers and of some 
infectious diseases. Although the actual cost of development and production 
of therapeutic monoclonal antibodies may render this approach unrealistic, 
one can think that this question will be opened for discussion in a near 
future. Progress in the antibody production and purification techniques as 
well as changes in the current rules for antibody approval should allow to 
envision the simultaneous use of several monoclonal antibodies. 
Alternatively, the capacity of producing human antibodies in large amount in 
transgenic cows (Kuroiwa et al ., 2002) should allow to revisit the use of ... 
polyclonal antibodies as therapeutics. 
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production, 27 

Colon cancer model, cytokines and 

radiation response modulation, 
120, 121-122, 123 

Commercial products, see also specific 
monoclonal antibodies 
agents in clinical trials, 202, 

204 

approved mAbs, 201-202 
Complement binding and activation, 209 
HuCAL® technology, 34 
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IgG and, 25 

Complementarity-determining regions 
(CDR) 

glycosylation, 59 
HuCAL® technology, 15, 16 
anti-HLA-DR 
antibodies, 42 
grafting, 22 
optimisation, 39, 40 
mouse-human antibodies, 13- 
14 

Complement-dependent cytotoxicity, 34, 
199 

Concanavalin A, 68, 87 
Conjugate formation 

Her-2/neu positive tumor cell- 
macrophage, 191-192 
HuCAL® technology, 19 
Consensus domains, HuCAL® 
technology, 22 
Constant region sites 

glycosylation, 57, 58-59 
HuCAL® technology, 26, 27 

Costs 

bioreactors, 3 

cell culture limitations, 74 

chromatography 

Protein A resins, 87 
water usage, 98 
HuCAL® technology, 20, 26, 
30 

transgenic technology, 3-4 
mammal s, 7 
plants, 8 

system selection, 10 
Cotara ( m I-ChTNT-I/B), 202 
Cotranslation, glycosylation, 60 
Cows, transgenic, 212 
Crossreactivity screening, HuCAL® 
technology, 33-34 
Culture conditions 

glycosylation issues, 64-66 
microbial systems, see 
Microbial production 
CysDisplay™, 16, 17, 42 
Cytokines, 203 

ascites system cells, 62 
commercial mAbs, approved, 
201 

glycosylation issues, 65 
HuCAL® technology, 37-38 
macrophage activation, 190 
radiation response modulation, 
119-121, 120-124 
Cytotoxicity, 34, 206-207 

extrabody applications, 176— 



178 

glycosylation issues, 63 
HuCAL® technology, 19 
IgG glycosylation and, 209-210 
macrophages, 192 
murine mAbs, 199 



Daclizumab (Zenapax®), 142, 201 
Deglycosylation, 207 
Derivatization 

electrophoresis issues, 55 
HuCAL® antibody selection, 

35 

Design of bioreactors 

glycosylation issues, 65 
lead time to development, 2 
Detection technology 

arrays, 31, 33-34, 96-97 
glycosylation, 54-56 

chromatography, 55- 
56 

electrophoresis, 54- 
55 

mass spectrometry, 56 
nuclear magnetic 
resonance, 56 

Development time 

bioreactors, 2 

transgenic technology, 6, 7, 10 
dHLX antibodies, HuCAL® technology, 
19, 22 

Diabody, HuCAL® technology, 19 
Diafiltration for chromatography, 82 
Diagnostic reagents, HuCAL® 

technology, 18, 19, 31, 36-37 
Dimeric antibodies/dimerization, 

HuCAL® technology, 19, 20, 

22 

Direct capture, chromatographic 

separation process design, 99 
Disilylation, IgG, 59 
Display technology, CysDisplay™, 16, 

17, 42 

Dissociation, multimeric HuCAL 
antibodies, 20 
Disulfide bonds 

chromatography ligands, 80, 
92-93 

HuCAL® technology, 16, 23, 
24, 27, 29 

intrabodies and, 159 
Disulfide isomerases, 27, 29 
DNA targeting, 141-153 
Down-modulation of epitope, 21 1-212 
Downstream processing 
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cell culture limitations, 74 
glycoform selection, 70 
HuCAL® technology, 26 
transgenic technology selection, 
10 

Drosophila melanogaster , 164 



Ecotin, 36 

Edrecolomab (Panorex®), 201 
Efalizumab (Raptiva®), 204 
Effector function, second generation 
mAbs, 199-200 

EGF (HER) receptor family, 1 19, 125- 
127, 184, 185, 186, 201 
macrophage conjugate 
formation, 191-192 
monoclonal antibodies and 
radiotherapy, 129-131 
monoclonal antibodies as HER1 
and HER2 inhibitors, 127-129 
Electrokinetic chromatography, 
glycopeptides, 55 

Electron donor-acceptor interaction, 
chromatography, 91-95 
metal affinity ligands, 
immobilized, 93-95 
thiophilic ligands, 92-93 
Electrophoresis 

chromatographic fractions, 95 
glycosylation-carbohydrate 
analysis, 54-55 
Electrospray ionization mass 

spectrometry (ES-MS), 56 
ELISA, HuCAL® technology, 31 
ELISA plates, panning on, 108, 109, 1 10 
Embryonic stem cells, transgenic 
chickens, 5 

Emerging technologies for manufacturing, 
HuCAL® technology, 27-29 
Enbrel® (etanercept), 201 
Endoglycosidase H, 68 
Endothelial cells, ICAM-1 antibodies, 37, 
38 

Enhanced green fluorescent protein 

(EGFP) gene targeting, 150- 
152 

Envelope glycoproteins (Env), HIV-1, 
105, 108 

Enzymatic reactions 

anion exchanger activation of 
proteolytic enzymes, 84 
glycosylation, 60, 61 

cell culture systems, 
62 

large scale production 



issues, 69 
recombinant 
technology, 69-71 
total in vitro 
production systems, 
74 

metabolic engineering, 27, 28 
Epidermal growth factor, see EGF (HER) 
receptor family 

Episome maintenance, HuCAL® 
antibody production, 27 
Epratuzumab (LymphoCIDE), 202 
Erbitux® (cetuximab), 127, 128, 130- 
131, 202 
Escherichia coli 

glycosylation issues, 66-67 
HuCAL® technology, 22, 25, 
28, 32 

antibody production, 
26-27 

EST-encoded 
polypeptides, 30 
phage display technology, 14 
EST-encoded polypeptides, HuCAL® 
technology, 29-31, 43 
Etanercept (Enbrel®), 201 
Expressed Sequence Tag (EST)-encoded 
polypeptides, 29-31, 43 
Expression patterns, HuCAL® 
technology, 31-32 
Expression vectors, HuCAL® 
technology, 16-17 

Extrabodies, tumor biology/oncology, 
176-178 



Fab region/Fab fragments 

expression of recombinant 
antibodies by tumor cells, 170 
glycosylation, 58, 60 
HuCAL® technology, 15-16, 
17, 18, 19, 20, 26, 29 

antibody microarrays, 
33 

biophysical 
properties, 23-25 
FAB-dHLX, 31, 32 
FGFR3 antibodies, 37 
optimisation, 41 
Fast atom bombardment mass 

spectrometry (FAB-MS), 56 
Fey 

function optimisation, 205-210 
murine mAbs, 199 
Fc receptors 

antibody binding, glycosylation 
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and, 53 

extrabody applications, 176— 
178 

HuCAL® technology, 20, 21, 

34 

IgG binding, 25 

Fc region 

chromatography, 85, 86-87 
glycosylation, 58 
Fermenters and bioreactors, 2, 65 
Fibroblast growth factor receptor 
(FGFR3), HuCAL® 
technology, 37 
Flow cytometry, 31 

Fluorophores, electrophoresis issues, 55 
Folding efficiency, HuCAL® technology, 
23, 25, 27, 29 

Framework stability, HuCAL® 
technology, 25 

Frozen cells, macrophages, 193-194 
Fucose, glycosylation, 60, 61, 208, 210 
Function restoration, intrabody 
applications, 176 
Functional analyses, HuCAL® 
technology, 34 

Functional genomics, intrabody 
applications, 162-164 
Fusion partner, HuCAL® technology, 30 
Future prospects, 199-212 

current status, 199-205 

agents in clinical 
trials, 202, 204 
commercial products, 
201-202 

optimisation of Fey functions of 
therapeutic antibodies, 205-210 



Galactose, glycosylation, 60, 61, 207, 

208, 209 

Gemtuzumab (Mylotarg®), 19, 142, 201 
Gene amplification, phage display 
technology, 14 

Gene expression, HuCAL® technology, 
32 

Gene gun, 8 
Gene inactivation, 200 
Gene targeting into tissues and cells, 141— 
153 

Genetic engineering, HuCAL® 
technology, 19-20 
Germ cells, transgenic chickens, 5 
Glucose, biantennary form, processing 
pathway, 60, 61 

Glycans 

electrophoresis issues, 54, 55 



mass spectrometry, 56 
Glycoproteins 

E. coli gp45, 67 
HIV 

gp41, 106 

gpUOjRFL, 111-112 
gpHOAVSjRFL, 110- 
111 

gpl60, intrabodies 
and, 170 

Glycosidase treatment 

electrophoresis issues, 54 
glycopeptides, 55 
mass spectrometry, 56 
plant endoglycosidase H 
resistance, 68 
Glycosidic linkages, 60 
Glycosylation, 53-74 

biotechnology industry 
implications, 69-71 

options for large-scale 
production, 69 
recombinant 
technology, 69-74 
and chromatography ligand 
specificity, 87 
effect on function, 54-60 

detection technology, 
54-56 

types of structures, 
57-60 

enzymatic reactions, 60, 61 
future prospects, 71-74 
total in vitro 
synthesis, 74 
transgenic animals, 
71-72 

very-large scale 
production, 72-74 
HuCAL® technology, 28 
large-scale production, 
implications for, 61-68 

bacterial systems, 66- 

67 

cell culture systems, 
62-66 

mouse ascites 
systems, 61-62 
plants, transgenic, 67- 

68 

yeast systems, 67 
Protein A-antibody interaction 
and, 86-87 

research and development 
issues, 207-211 

GNA, 87 
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Good Manufacturing Practices (GMP), 

transgenic technology selection, 
10 

Growth factor receptors, 186; see also 
Cytokines 

commercial mAbs, in clinical 
trials, 202 

HER, see EGF (HER) receptor 
family 

HuCAL® technology, 37 



Half life and clearance rate of proteins 
HuCAL® technology, 20 
glycosylation and, 66, 71, 72 

Haptens, HuCAL® technology, 24 

Heat precipitation, HuCAL® technology, 
26 

Heavy chains 

glycosylation, 59, 69 
HuCAL® technology, 15, 17, 

18 

biophysical 
properties, 22, 25 
disulfide bonds in 
multimers, 23 

Helix-tum-helix domain, HuCAL® 
technology, 22 

Hematopoietic cells, gene targeting into, 
150-152 

Hepatitis B vaccine, 67 

HER receptors, 184, 185, 186 

commercial mAbs, approved, 
201; see also Herceptin® 
macrophage conjugate 
formation, 191-192 
monoclonal antibodies as HER1 
and HER2 inhibitors, 127-129 
radiation response modulation, 
129-131 

HER2/Neu, 191-192, 201 

Herceptin® (trastuzumab), 120, 127, 
128-129, 131, 142, 184, 201, 
206 

Heterohybridomas, glycosylation issues, 
63 

High performance liquid chromatography 
chromatographic fractions, 95 
glycopeptides, 55, 56 

High pH anion exchange chromatography 
with pulsed amperometric 
detection (HPAEC-PAD), 55 

HIV neutralizing antibodies, novel, 105- 
114 

intrabody applications, 164-165 
monoclonal antibodies, 1 10- 



114 

antibodies binding to 
gpnOjRFL, 111-112 
selection by 

sequential antigen panning, 1 12-113 

soluble recombinant 
monomeric 
gpl20AV3 JRFL , 110- 
111 

phage display technology, 106- 
110 

biopanning selection 
procedures, 109-110 
libraries, 107-109 
HLA antigens, 36, 39 

extrabody applications, 178 
HuCAL® anti-HLA-DR 
antibodies, 41-42 
HMFG1 (pentumomab), 202 
Hollow fiber bioreactors 

cell culture limitations, 74 
glycosylation systems, 60-61 
HuCAL® GOLD, 16, 23, 25, 39 
HuCAL® (Human Combinatorial 

Antibody Library) technology, 
13-43 

antibody formats and 
manufacturing, 18-29 
biophysical 
properties, 22-25 
clinical applications, 
need for various 
formats in, 18-21 
emerging 
technologies for 
manufacturing, 27-29 
immunoglobulins, 
25-26 

manufacturing, 26-27 
monovalent and 
multivalent 
fragments, 21-22 
antibody libraries and phage 
display, 13-15 
applications, target research, 
29-34 

EST-encoded 
polypeptides, 29-31 
functional analyses, 
34 

microarrays, 33-34 
protein expression 
profiles, 31-32 

applications, therapeutic, 35-42 
antibody generation, 
specific, 35-38 
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optimisation, 38-42 
CysDisplay™, 16, 17, 42 
HuCAL® GOLD, 16, 23, 25, 

39 

library, 15-18 
HuM195 (Zanyl), 202 
Human antibodies 

chimeras, see Chimeras 
commercial mAbs, 201, 202 
to mouse antigens, HAMA 
reaction, 13 

anti-CEA/anti-TNFa, 

123 

research and 
development issues, 
199 

Human Artificial Chromosome (HAC), 7 
Human cells, glycosylation pattern 
comparisons 
bacteria and yeast, 67 
plants, transgenic, 68 
rodent cells, 60, 61 

Human Combinatorial Antibody Library 
(HuCAL®) technology, see 
HuCAL® technology 
Human cytomegalovirus protein UL84, 

30 

Human fibroblast growth factor (FGFR3), 
37 

Human-human-mouse trioma, 

glycosylation issues, 66 
Humanised antibodies, 13-14, 200 
commercial mAbs 

approved, 201 
in clinical trials, 202 
glycosylation issues, 70 
Humaspect®, 142 
HuMax-CD4, 204 
Humicade (CDP571), 204 
Humira® (adalimumab), 14, 201 
Hybrid hybridomas, HuCAL® 
technology, 18 
Hybridomas 

chromatography, metal affinity, 
90-91 

glycosylation, 63 

culture conditions 
and, 66 
research and 
development issues, 
209-210 

HIV neutralizing antibodies, 

106 

HuCAL® technology, 18 
Hydrophobic charge induction, 89-90 
HyperCel, 83 



HyperD, 82, 85, 86 
Hypermannosylation, 67 
Hypermutation, 200 
Hypersensitivity reaction, plant glycans, 
68 

Hypervariable region, glycosylation, 60 



Ibritumomab (Zevalin™), 13, 19, 201 
ICAM-1, HuCAL® technology, 30, 37- 
38 

IMAC HyperCel, 83 
IMAC (immobilized metal affinity 
chromatography), 93-95 
Immune complex glycosylation, 60 
Immune system 

extrabody applications, 176- 
178 

HuCAL® ICAM-1 antibodies, 
37 

IgG and, 25 
murine antibody 

immunogenicity, 13, 123, 199-200 

plant glycans, allergenicity of, 
68 

tumor targeting, 186 
Immunization, intracellular, intrabody 
applications, 164-165 
Immuno32, affinity chromatography, 84— 
87 

Immunochemistry and 

immunohistochemistry, 
HuCAL® technology, 18, 19, 
30, 31-32, 36-37 
Immunoglobulin G, 25, 68 
chromatography 

exposure to 
proteolytic attack, 86- 
87 

ion exchange, 81, 83 
protein ligands, 85, 87 
synthetic ligands, 88- 
91 

Fey function optimisation, 205- 
210 

glycosylation issues, 57, 58 
clearance rate/half 
life, 66,71,72 
culture conditions 
and, 63, 64, 66 
glycoforms, 60, 207, 
208, 209 
microbial 

fermentation and, 28 
HuCAL® technology 

isotypes, 25-26, 34 
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switching of classes, 
26 

whole molecules, 19, 
28 

phage display technology, 14 
purification procedures, 83 
Immunoglobulin G isotypes 

chromatography, antibodies not 
reacting with protein A, 85 
glycosylation, 58 
HuCAL® technology, 25-26, 

34 

Immunoglobulins 

chromatography, see also 
Chromatography 

antibodies not 
reacting with protein 
A, 85 

protein ligands, 87 
thiophilic ligands, 92- 
93 

synthetic ligands, 89 
glycosylation, 57 
HuCAL® technology, 25-26, 

34 

monoclonal, see Monoclonal 

antibodies 

IgA, 85, 87, 89 

IgD, 87 

IgE, 87, 89 

IgG, see Immunoglobulin G 
IgM 

chromatography, 85, 
87, 89 

glycosylation, 57, 60, 
66 

IgY, 85, 89 

Immunoprecipitation, HuCAL® 
technology, 31 
Immunotherapy 

extrabody applications, 176- 
178 

macrophage, 189-197 
Inflammatory cytokines, HuCAL® 
ICAM-1 antibodies, 37-38 
Inflammatory and autoimmune diseases, 
203, 204 

commercial mAbs, approved, 
201 

IgG glycosylation and, 209 
TNFa, 20, 203 
Infliximab (Remicade®), 201 
Initial capture, chromatographic 

separation process design, 95 
Insecticide haptens, HuCAL® 
technology, 24 



Interferon-y, 37, 72 
Interleukin-6, glycosylation issues, 65 
Intermolecular interactions, HuCAL® 
technology, 23 
Intrabodies, 157-165 

applications, 162-165, 170-171 
functional genomics, 
162-164 

therapeutic, 164-165 
development of, 158-162 
tumor biology/oncology, 172— 
176 

Intracellular redox system, HuCAL® 
technology, 27 

Intramolecular interaction, HuCAL® 
technology, 22-23 
Ion exchange chromatography, 

purification procedures, 80, 81- 
84 

Ionic conditions, chromatography, see 
Chromatography 

Isoelectric focusing, glycopeptides, 54, 55 
Isoelectric point, ion exchange 
chromatography, 81 
Isotachophoresis, glycopeptides, 55 



Jacalin, 87 



Kidney tumor, gene targeting into, 147- 
149 

Killer Inhbitory Receptor (KIR), 178 
Knock-out systems 

HuCAL® technology, 27 
phenotypic, 170 
protein domain, 158 

L forms, HuCAL® technology, 28 
Lactoferrin, recombinant, 72 
Large-scale production, see 

Manufacturing and production 
systems, large-scale 
LCA ligand, 87 

LCDR3, HuCAL® technology, 15 
Lead optimisation, HuCAL® technology, 
39 

Lectins 

glycopeptides, 54 
plantibody affinity, 68 
Leukoscan®, 142 
LH series, glycosylation issues, 65 
Libraries, 107-109; see also HuCAL® 
technology 
Light chain region 
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chromatography ligands, 87, 88 
glycosylation, 59 
HuCAL® technology, 15, 17, 
18, 22, 23,25 

Localization signal sequence, intrabodies, 
173 

Lyml, 13 ^-labeled (Oncolym), 202 
LymphoCIDE (epratuzumab), 202 
Lymphocytes, see also CD antigens; T 
cells 

commercial antibodies, 201, 

202 

gene targeting into, 142 
HTV neutralizing antibodies, 

108 

HuCAL® ICAM-1 antibodies, 
37, 38 

intrabody applications, 164-165 



Mabthera®, 142 

Mac-1 alpha chain, HuCAL® technology, 
30 

Macrophages (MAK®), 189-197, 206 
clinical study, efficacy of 
MAK®/MDX-H2 1 0, 194-195 
ex-vivo anti-tumor 
functionality, 191-194 

antibody-dependent 
cell cytotoxicity, 192 
conjugate formation 
with HER/neu 
positive tumor cells, 
191-192 

frozen cells, 193-194 
phagocytosis, 192- 
193 

generation of, 190 
TGFa, radiation response 
modulators, 119-120 
Major histocompatibility complexes 
extrabody applications, 178 
HuCAL® anti-HLA-DR 
antibodies, 30, 36, 39, 41-42 
Mammalian systems, transgenic, 212 
glycosylation, 71-72 
large-scale 
production, 73 
O-glycosylation sites, 
67 

transgenic, 6-7 

Mannose, glycosylation, 60, 61, 208 
Manufacturing and production systems 

chromatography process design, 
95-98, 99 

glyc osylation issues, see 



Glycosylation 
HuCAL® technology 
capacity, 26 
emerging 

technologies, 27-29 
large-scale 

glycosylation issues, 
61-68, 69, 71, 72-74 
HuCAL® technology, 
26 

need for, 1, 2-3 

transgenic technology selection, 
10 

Mass spectrometry, 55, 56, 96 
Matrix assisted laser desorption ionization 
time-of-flight mass 
spectrometry (MALDI-TOF- 
MS), 56 
MDX-210, 202 

Mercaptobenzimidazole sulfonic acids, 
90,91 

2-Mercaptoethanol, 92 
Mereaptoethyl pyridine, 90, 91 
Messenger ENA, HuCAL® technology, 
29 

Metabolic engineering, HuCAL® 
technology, 27, 28 

Metal affinity chromatography, 93-95 
Micellar electrokinetic chromatography, 
glycopeptides, 55 
Microarrays, 31, 33-34, 96-97 
Microbial production, 211 

glycosylation issues, 66-67 
HuCAL® technology, 18, 20, 
22, 26-27 

AutoCAL™, 32 
antibody microarrays, 
33 

Microbial protein ligands, 

chromatography, 84-87 
Milk, transgenic animals, 6-7, 71-72 
Miniantibodies, HuCAL® technology, 18, 
19, 20, 22, 28 
Mitumobab (BEC2), 202 
Modularity, HuCAL® technology, 17 
Molecular engineering, 199-200 
Monoclonal antibodies 

antitumor, 183-186 
chromatography 

ion exchange, 82 
metal affinity ligands, 
immobilized, 90-91 
glycosylation issues 

culture conditions 
and, 66 

transgenic plant 
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systems, 67-68 
HER1 and HER2 inhibitors, 
127-129 

HIV neutralizing antibodies, 
novel, 110-114 

antibodies binding to 

gpnOjRFL, 111-112 

selection by 
sequential antigen 
panning, 112-113 
soluble recombinant 
monomeric 
gpl20AV3 JRFL , 1 lO- 
lll 

human anti-mouse antibody 
(HAMA) reaction, 13 
intrabody development, 159 
need for large-scale 
manufacturing systems, 1, 2-3 
hybridomas, see Hybridomas 
targeting genes into cells and 
tissues, 141-153 
transgenic technology, 3-9 
avian systems, 4-6 
mammalian systems, 
6-7 

plant systems, 8-9 
system selection, 9- 
10 

Monomeric scFv, HuCAL® technology, 
20 

Monovalent fragments, HuCAL® 
technology, 21-22 
MorphoSys, 34, 39 

Mouse ascites systems, glycosylation, 61- 
62,66 

Mouse milk, glycosylation issues, 71-72 
Mouse-human chimeras, see Chimeras 
MT-SP1, HuCAL® technology, 36-37 
Multifunctional antibodies, HuCAL® 
technology, 18 

Multimerization domains, HuCAL® 
technology, 19-20, 22 
Multivalent antibody fragments, 

HuCAL® technology, 19-20, 
21-22 

Murine antibodies, 13-14, 199 
commercial mAbs 

approved, 201 
in clinical trials, 202 
immunogenicity of, 13, 123, 
199-200 
Murine cells 

chimeras, see Chimeras; 
Hybridomas 

glycosylation issues, 62, 63, 64 



Muromomab (OKT3), 199, 201 
Mutagenesis, 200 

Mutations, constant region genes, 26 
Myeloma expression systems, see also 
Hybridomas 
glycosylation issues, 63 
Mylotarg® (gemtuzumab), 19, 142, 201 



N-acetylglueosamine, 60, 61, 207, 208 
Natalizumab (Antegren), 204 
Natural killer (NK) cells, 36, 177, 178, 
206 

Neisseria meningitis , 67 
NF-kB p50, 30 
N-glycosylation, 60, 61 

bacterial systems, 66 
constant region, 58 
electrophoretic detection, 54 
NK cells, 36, 177, 178, 206 
Nuclear injection, transgenic chickens, 6 
Nuclear Localisation Signal (NLS) 
sequence, 174 

Nuclear magnetic resonance, 

glycosylation-carbohydrate 
analysis, 56 

Nuclear transcription factors, 176 
Nuclear transfer, transgenic mammals, 7 



O-glycosylation, 64, 67 
OKT3 (Orthoclone), 142, 199, 201 
Omalizumab (Xolair), 204 
Oncofetal antigen, glycosylation issues, 
65 

Oncology/tumor biology, 203, 210 

combination radiotherapy with 
monoclonal and bispecific 
antibodies, 119-131 

anti -HER 1 and- 
HER2 monoclonal 
antibodies and 
radiotherapy, 129- 
131 

bispecific antibodies, 
cytokines, and 
radiation therapy, 
120-124 

EGF (HER) receptor 
family, 125-127 
monoclonal 
antibodies as HER1 
and HER2 inhibitors, 
127-129 

radiation response 
modulators, 124-131 
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commercial mAbs 

approved, 201 
in clinical trials, 202 
expression of recombinant 
antibodies by tumor cells 
extrabodies, 
recruitment of 
immune cells, 176- 
178 

generation and use of 
intrabodies, p21 RAS 
and p53 cases, 172- 
176 

HuCAL® technology 
anti-HLA-DR 
antibodies, 41-42 
imaging, 19 
targeting, 20 
therapy, 19 
tumorigenesis, 37 
immunotherapy, macrophages 
for, 189-197 

macrophage immunotherapy 
antibody-dependent 
cell cytotoxicity, 192 
clinical study, 
efficacy of 
M AL/MDX-H2 1 0, 
194-195 

conjugate formation 
with Her-2/neu 
positive tumor cells, 
191-192 

frozen cells, 193-194 
phagocytosis, 192- 
193 

recombinant antibody 
expression on tumor cells, 169-179 
research and development 
issues, 211-212 
tissue targeting, 141-153 
Oncolym ( 131 I-LymI), 202 
Oocytes, transgenic mammals, 7 
Open reading frames, HuCAL® 
technology, 32 
Optimization 

Fey functions of therapeutic 
antibodies, 205-210 
HuCAL® technology, 17, 38- 
42 

Oregovamab (OvaRex), 202 
Orthoclone (OKT3), 142, 199, 201 
OSIDEM™, 190, 191 
OvaRex (oregovamab), 202 
Ovarian cancer, macrophage 

immunotherapy, 189-197 



Ozogamicin (Mylotarg®), 19, 142, 201 



p21 RAS , 171, 172-176 
p53, 172-176 

Palivizumab (Synagis®), 142, 201 
Pancreatic cancer model, cytokines and 
radiation response modulation, 
123 

Panning 

AutoPan®, 16 

HIV neutralizing antibodies, 

novel 

monoclonal 
antibodies, 112-113 
phage display 
technology, 109-1 10 
HuCAL® technology 

antibody selection, 
35-36 

optimisation, 40 
Panorex (edrecolomab), 201 
Parallel optimisation, HuCAL® 
technology, 39 

PCR amplification, phage display 
technology, 14 

PEGylation, HuCAL® technology, 20 
Pentumomab (Theragyn®, HMFG1), 202 
Peptide N-glycosidase F, 55 
Peptostreptococcus magnus , 87, 88 
Pesticide haptens, HuCAL® technology, 
24 
pH 

chromatography 

adsorption and elution 
conditions, see 
Chromatography 
glycopeptides, 55 
glycosylation, culture 
conditions and, 66 
Phage coat proteins, 14, 16 
Phage display technology, 14, 200 

HIV neutralizing antibodies, 
novel, 106-110 

biopanning selection 
procedures, 109-110 
libraries, 107-109 
HuCAL® technology, 13-15, 
16, 17 

Phagocytosis, macrophages, 192-193 
Phenotypic knockouts, 170 
Physical stability 

glycosylation and, 60 
HuCAL® technology, 24, 26 
Physicochemical effects, glycosylation, 

60 
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Pichia pastoris , 72 
Plants, transgenic, 8-9 

glycosylation issues, 67-68, 73 
HuCAL® technology, 28 
intrabody expression, 164 
Plasma half-life, 20,71,72 
Plasmid vectors, gene targeting, 146 
Plug & play systems, 21 
Point mutations, HuCAL® technology, 22 
Polyclonal antibodies 

HIV neutralizing antibodies, 

106 

purification procedures, ion 
exchange chromatography, 83 
Polyethylene glycol, HuCAL® 
technology, 20 

Pool optimisation, HuCAL® technology, 
39 

Post-translational modification 
glycosylation, see 
Glycosylation 

transgenic technology selection, 
9, 10 

Primordial germ cells, transgenic 
chickens, 5 

Production systems, see Manufacturing 
and production systems 
Pronuclear injection, 6, 7 
Prostate cancer, HuCAL® technology, 
36-37 

Protein A chromatography, 80, 84-87 
Protein A mimetic ligands, 88-91 
Protein ARP, 87 

Protein biochips, chromatographic 

separation process design, 96- 
97 

Protein engineering, 18, 23, 27 
Protein expression analysis, HuCAL® 
technology, 31 

Protein expression profiles, HuCAL® 
technology, 31-32 

Protein folding, HuCAL® technology, 23, 
25, 27, 29 

Protein functional studies, intrabody 
applications, 162-164 
Protein G, 87-88 
Protein L, 87, 88 

Protein levels, HuCAL® technology, 32 
Protein ligands, chromatography, 84-87 
Protein therapy, 165 
Protein trafficking, intrabodies and, 170 
Protein transduction, 165 
ProteinChip® Array technology, 96-97 
Proteolytic digestion, chromatography 
anion exchanger activation of 
enzymes, 84 



glycopeptide, 55 
Protein A-antibody interaction 
and, 86-87 
Proteus mirabilis , 28 
Purification methods, see 

Chromatography; Panning 



Q HyperZ, 83 

Quadroma technology, HuCAL® 
technology, 18 

Quality control, glycosylation issues, 69 
Quality Control Technology, intrabody 
development, 159-162 



Radiation response modulators, anti-EGF 
receptor mAbs, 124-131 
Radiolabeled antibodies, 210 

commercial products, 202 
HuCAL® technology, 19, 20 
Radiotherapy, antibody treatment in 
combination with, 119-131 
Raptiva (efalizumab), 204 
RCA-2, 87 

Receptor function, extrabody 

applications, 176-178 
Receptor tyrosine kinases, HuCAL® 
technology, 37 
Recombinant technology 

expression of recombinant 
antibodies by tumor cells, 169- 
179 

glycosylation issues, 62-63, 
69-74 

culture conditions 
and, 66 

plants, transgenic, 68 
HuCAL® technology, 19-20 
Remicade® (infliximab), 142, 201 
Renal tumor, 147-149 
Reopro® (abciximab), 142, 201 
Research applications 

HuCAL® technology, 20, 29- 
34 

EST-encoded 
polypeptides, 29-31 
functional analyses, 
34 

microarrays, 33-34 
protein expression 
profiles, 31-32 

oncology, see Oncology/tumor 
biology 

Research and development issues, 199, 
204-205, 207-211 
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Restoration of function, intrabody 
applications, 176 

Restriction sites, HuCAL® technology, 
18, 39 

Retroviruses 

gene targeting, 145 
intrabody applications, 164-165 
transgenic chickens, 5 
Reversed phase liquid chromatography, 
glycopeptides, 55 
Rh antigen glycosylation, 64 
Rheumatoid IgG glycosylation, 60 
Ricinus communis , 68, 87 
Rituxan® (rituximab), 201, 206, 210 
Robustness, HuCAL® technology, 24 



Scaleup 

glycosylation issues, see 
Glycosylation 

transgenic technology selection, 
10 

ScFv format 

expression of recombinant 
antibodies by tumor cells, 170 
extrabody construct, 178 
HuCAL® technology, 15, 17, 
18, 19, 20, 21-22, 28, 29, 33 
biophysical 
properties, 22, 23 
serine protease MT- 
SP2, 37 

intrabodies, 173, 176 
intrabody development, 159— 
160, 163 

ScFv-dHLX, 20, 22, 28 
ScFv-p53 20 

Screening, AutoScreen®, 16 
SDS-PAGE electrophoresis, 
glycopeptides, 54 
Second generation mAbs, 199-200 
Segard (afelimomab), 204 
SEKDEL sequence, 173 
Selective capture, chromatographic 
separation process design, 95 
Self antigens, phage display technology, 
14 

Sensitivity 

chromatography, 99 
HuCAL® EST-encoded 
polypeptides, 31 
Sepharose XL, 82 

Sequential antigen panning, 109, 110, 
112-113 

Sequential optimisation, HuCAL® 
technology, 39 



Serine protease, 36-37 
Serum IgG, 20 

glycosylation, 60 
plasma half life, 71, 72 
HIV neutralizing antibodies, 
106 

Sialic acid 

electrophoresis issues, 54 
glycosylation, 60, 61 
human versus rodent cells, 62, 
64 

protein half-life in circulation, 
70,71 

Sialylated Lewis-x, 65 
Side effects of mAb therapy, 203 
Signal transduction pathways, see also 
specific receptors 
Fey receptor, 206 
cancer radiotherapy, 1 19 
HuCAL® technology, 37 
Silylation, IgG, 59 
Simulect® (basiliximag), 142, 201 
Single-chain Fv, see ScFv format 
Site-directed mutagenesis, 200 
Site-specific recombination, phage 
display technology, 14 
Size of construct, transgenic technology 
selection, 9 

Small-scale expression, HuCAL® 
antibody production, 27 
Solid-phase panning, 109 
Solution-phase panning, 109 
Solvents, HuCAL® technology, 24 
Specificity, HuCAL® technology, 24 
Sperm-mediated transgenesis, chickens, 6 
Stability of antibody 

glycosylation and, 60 
HuCAL technology, disulfide 
bonds and, 23-24, 26 
Stability of expression, HuCAL® 
technology, 24, 26, 27 
Staphylococcus aureus Protein A, 80, 84- 
87 

Stem cell technology, transgenic 
chickens, 5 

Stringency, HuCAL® technology, 40 
Structural diversity 

glycosylation and, 57-60 
HuCAL® technology, 17 
Sulfur-containing chromatography 
ligands, 92-93 
Surface expression 

extrabody applications, 176- 
178 

recombinant proteins, 172 
Switching of IgG classes, HuCAL® 
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Synagis® (palivizumab), 142, 201 



T cells, 206-207 

commercial antibodies, 142, 

199, 201, 202, 204 
extrabody applications, 176- 

178 

gene targeting into, 142 
HIV neutralizing antibodies, 
108,113 

HuCAL® technology 

BiTE™, 18-19 
ICAM-1 antibodies, 

37 

intrabody applications, 164-165 
OKT3, 142, 199, 201 
Targeted delivery, 141-153, 186 

antibody as gene carrier, 143- 
152 

into bone marrow 
immature 

hematopoietic cells, 
150-152 

design of targeted 
vector, 144-146 
into renal tumor, 147- 
149 

approved mAbs, 142 
expression of recombinant 
antibodies by tumor cells, 169- 

179 

extrabodies and, 176- 
178 

intrabodies and, 172— 
176 

HuCAL® technology, 19, 20, 

21 

intrabody applications, 158 
Target inflation, 30 
Technetium labeling, HuCAL® 
technology, 20 

Temperature stability, HuCAL® 
technology, disulfide bonds in multimers, 
23-24 

Tetramerization/tetramers, HuCAL® 
technology, 22 
TGFa, 125, 126 
Theragyn (pentumomab), 202 
Therapeutic applications, see Clinical and 
therapeutic applications; 
Oncology/tumor biology 
Thiophilic chromatography, 80, 92-93 
Tissue targeting, 141-153; see also 
Targeted delivery 



TNFa, 203 

anti-TNFa Fab fragment, 20 
commercial mAbs, approved, 
201 

radiation response modulation, 
119, 120-124 

Tobacco transgenic systems, 67 
Tositumomab (Bexxar®), 13, 202 
Toxicity of drugs, antibodies modulating, 
185-186 
Toxins, 212 

HuCAL® technology, 24 
phage display technology, 14 
Trafficking, intrabodies and, 170 
Transgenic technology, 1-11, 200, 211, 
212 

glycosylation 

animals, 71-72 
limitations of 
systems, 73 
plants, 67-68 
HuCAL® technology, 28 
intrabody expression, 164 
mouse-human antibodies, 13- 
14 

need for large-scale 
manufacturing systems, 1, 2-3 
selection of, 9-10 
systems, 3-9 

avian, 4-6 
mammalian, 6-7 
plant, 8-9 

Transient expression, HuCAL® antibody 
production, 27 

Translational level optimisation, 

HuCAL® technology, 27 
Transplantation biology, commercial 
mAbs, approved, 201 
Trastuzumab (Herceptin®), 120, 127, 
128-129, 131, 142, 184, 201, 
206 

TRIM technology, 17, 18, 39 
Triomas, 66 

Tumor biology, see Oncology/tumor 
biology 



UL84, 30 

Underglycosylation, 63, 66 



Vaccine production 

glycosylation issues, 67 
retrovaccinology, 106 
Variable region sites 

chromatography ligands, 87, 88 
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glycosylation, 59-60 
HuCAL® technology, 15, 17, 
18, 19, 22, 27 

VH3Vk3, HuCAL® technology, 23 
Viral vectors 

gene targeting, 145 
transgenic chickens, 5 
transgenic plants, 8 
Virus capture assay, 108, 109 
Viruses 

HIV, see HIV neutralizing 
antibodies, novel 
intrabody applications, 164-165 
phage display technology, 107 



Water usage, chromatography, 98 
Western blotting, 31 
Wheat germ agglutinin, 68 



Xolair (omalizumab), 204 



Xylose sugars, allergenicity of, 69 



Yeast display, 14 
Yeast systems 

glycosylation, 67 
intrabody applications, 164 
Yield, product 

HuCAL® technology, 22, 23, 
25, 26, 27-28 
transgenic technology 
chicken, 5 
plant, 9 
selection 

considerations, 10 



Zanyl (HuM195), 202 
Zenapax® (daclizumab), 142, 201 
Zevalin™ (ibritumomab), 13, 19, 201 
Zone electrophoresis, glycopeptides, 55 




